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Abstract
Transition metal carbides (TMC) constitute a diverse class of materials and traditionally have many
technological applications. TMC became a subject of extensive research since 1973, when their platinum like properties were discovered. They demonstrated high catalytical activity and selectivity in a variety of
chemical reaction and have potential for some novel catalytic application.
This research is an effort to design new high effective, selective and stable bimetal or alkali
promoted TMC catalyst. After extensive theoretical research a wide range of TMC, including bimetal and
alkali promoted carbides, were synthesized by different methods. All solids were characterized by XRD
and microscopy. The way was found to obtain and control desirable structure of final product by applying
method of synthesis, changing conditions and a choice of precursors.
The catalytic activity of new TMCs was tested in model reaction of hydrogenation and in FisherTropsch synthesis for their production of alcohols. A lab scale gas to liquid system has been developed for
that evaluation. Cobalt and nickel molybdenum carbides with different types of phases demonstrated high
activity and selectivity. The spent catalysts were also characterized in order to establish its stability and
changes in structure morphology.
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Introduction
Transition metal carbides (TMC) have attracted considerable attention for catalytic
applications since 1973, when Levy and Boudart (1) first reported the Pt-like behavior of WC in
the neopentane isomerization reaction. The first synthesis of TMC was derived from metallurgical
processes at high temperatures and resulted generally in powders with low specific surface areas.
Of prime importance for catalytic applications was the development of a temperature programmed
method of synthesis at more moderate conditions. The use of this method allowed an optimal
balance between sintering and synthesis rates and resulted in products with high surface area.
This class of compounds has shown particularly excellent potential for use in hydroprocessing
reactions, widely use in refining. Recently a great number of studies dealing with the application
of TMCs in hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) reactions have been
reported. Most of the work has concentrated on molybdenum carbide catalysts, which proved to
be not only superior to commercial hydrotreating catalysts in terms of activity and selectivity but
they were also sulfur resistant.
Molybdenum sulfide-based hydrodesulfurization (HDS) catalysts have been the most popular
commercial catalysts since their inception into the industrial hydrotreating process nearly 60 years
ago. Over the last 30 years, nearly a 2-fold increase in HDS activity has been achieved. (2) Such
improvements have allowed petroleum refineries to lower the sulfur content of transportation fuels
in response to environmental regulations implemented in a number of countries. Given the
likelihood of further reductions in the allowable sulfur content in fuels and the need to process
lower quality petroleum feedstocks in future years, incremental improvements of molybdenumsulfide-based catalysts may not be sufficient to meet environmental standards.
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To complement research efforts aimed at optimizing sulfide-based catalysts, many laboratories
have adopted the approach of investigating how main group elements other than sulfur modify the
catalytic properties of molybdenum. In this vein, molybdenum carbide (-Mo2C) has attracted
attention as potential catalysts for use in the HDS process.
Transition metal carbides constitute a diverse class of materials and traditionally have many
technological applications. Their great strength and durability allow them to be used at extreme
conditions of temperature and pressure, for example, in rocket nozzles and drill bits. Their hardness
has given them use in cutting tools and snow tires. They have applications in ferrous alloys as
components responsible for the toughness of steels. Besides that, optical, electronic and magnetic
properties of carbides have been used for optical coating, electrical contacts, diffusion barriers etc.
In fact, the physical and mechanical properties of carbides resemble those of ceramics not those of
metals. The materials are hard, strong, and somewhat brittle. In contrast, the electronic and
magnetic properties of the carbides are similar to those with the metals. (3)
Although their activity is similar to those of the noble metals, kinetics and product selectivities are
often different in the catalytic reactions involving oxygen- containing molecules and indicate that
the carbides provide unique catalytic pathways.
Other important properties are vaporization behavior and solid state diffusivity. New applications
of these materials are continuously being developed.
In addition to the technological uses of transition metal carbides which exploit their high hardness
and stability at high temperatures, certain carbides have been examined for their catalytic
properties in a number of reactions. This is in addition to their being potential supports for more
traditional catalytic materials (Ni, Pt, Rh, etc.) due to their high heat stability. (3)
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Historically the interest in the catalytic properties of TMC has been inspired by their ‘‘Platinumlike’’ properties in the transformation reactions of hydrocarbon molecules.
The observation has been made that tungsten was active as a catalyst and showed good selectivity
toward

xylene

formation

during

the

isomerization

and

hydrogenolysis

of

1,1,3-

trimethylcyclopentane, but only after an induction period, as is also characteristic of platinum and
palladium. Base transition metals do not behave this way. The behavior was explained by invoking
the formation of tungsten carbide on the surface of the metal. WC is similar to platinum in
selectivity for neopentane isomerization as well. Molybdenum carbide has been found to behave
similarly to Ru in CO-H2 reactions. (1) These are merely two examples: in fact, carbides of the
Group

IV-VI

metals

have

been

studied

for

their

activity

in

oxidation,

hydrogenation/dehydrogenation, isomerization, hydrogenolysis, and CO-H2 reactions, and in
many cases have been found to rival the performance of the less economic Group VIII metals.
While the refractory carbides do not show high activity for oxidation reactions (for example, the
rate of H2 oxidation follows the order metal >> carbide > oxide for Group V and VI metals, and
the rate of NH3 oxidation over refractory carbides is lower than that over Group VIII metals), they
are as active as the transition metals themselves for hydrogenation and dehydrogenation reactions.
In isomerization reactions, WC, Pt, and Ir are unique in their high activity and selectivity. However,
it is not necessary for the refractory carbides to be more or even equally active in catalyzing given
reactions compared with the noble metals, because the lower cost of the carbides will in many
cases offset the losses in catalytic activity. (2) We discuss reaction of TMC in more details later.
The surface science results on model carbide overlayers clearly indicate that the reactivities of
transition metals can be modified by the formation of carbide overlayers, with the modified surface
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reactivities being frequently similar to those of Pt-group metals. (4) Therefore, in many types of
reactions TMCs display activity approaching or surpassing those of the best Group VIII metals.
The unique properties of TMCs have made them promising catalysts in a number of catalytic and
electrocatalytic processes that involve the transformation of oxygen-containing molecules. For
example, the catalytic and electronic properties of Group VI carbides have shown potential
application as alternative electrocatalysts for direct alcohol fuel cells (DAFC) and for the
conversion of biomass such as cellulose to lower order polyols. Carbides also have shown promise
as water gas shift (WGS) catalysts. Leclerq et al reported the high selectivity of transition metal
carbides for direct synthesis of alcohol in Fischer-Tropsch reactions. (2)
Fig.1 presents Arrhenius plots for Group V and VI metal carbides. The materials were reduced in
flowing H2 at 753-773K prior to determination of the reaction rate. The niobium carbide was not
active.

Figure 2: Arrhenius plot for Group V and VI metal carbides

Catalytic activity of butane conversion over mesoporous transition metal carbides W2C,
WC, Mo2C, V8C7 and NbC has been reported by Neylon et al (4) and compared to that of Pt-based
catalyst. The butane conversion rates for TMCs were generally higher than those for a Pt-Sn/Al2O3
4

catalyst. However, the product selectivities were different. The abbreviations C1,C2,C3,C4,C4= and
C4== represent CH4, the total of C2H4 and C2H6, the total of C3H6 and C3H8, C4H10,C4H8 and C4H6
respectively. The niobium carbide was not active. (Fig.2)

Figure 3: Butane activation selectivities for the Group V and VI metal carbides

Computational and experimental ammonia decomposition on various transition and noble
metal catalysts have been investigated as a model reaction by Hansgen et al.. Volcano curve of
predicted conversion of ammonia versus the nitrogen heat of chemisorption (QN(0)) at a reactor
temperature of 850 K is presented (figure 3). (5) Among the single-metal catalysts studied, Ru was
found to have the highest activity, consistent with their experimental data. Using the predicted
volcano curve, the bimetallic transition-metal catalysts with the same activity of Ru have been
designed. These bimetallic surfaces are then tested experimentally for their activity to validate the
model predictions. On the plot red triangles show N-H bond scission and black circles show C-H
bond scission.
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Scission:
N−H Bond
C−H Bond

Figure 4: Ammonia decomposition on various transition and noble metal catalysts

Also many monometallic types of carbide have been studied for their catalytic activities;
there are still a few reports on bimetallic carbides.
A micro-kinetic model for various transition metal and noble metal single and bimetallic
catalysts was calculated by Dr. M. Ramos (6) (fig.4).
The volcano curve presented shows that bimetallic Ni-Mo and Co-Mo carbides possess a
higher catalytic activity than that of platinum. Based on that fact and high commercial potential of
Ni- and Co- containing precursors, this research was focused on studying bimetallic molybdenum
carbides where the second metal is cobalt or nickel.
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Figure 4. Micro-kinetic model for various TMC and noble metal single and bimetal catalysts.

The objective of this research project was to develop scientific data for variety of transition
metal carbide catalysts, explore dependence of their structure on methods of synthesis applied,
resulted in performance in different types of catalytic reactions, the effect of alkali promotion. The
research involves the preparation, catalytic testing, and characterization of transition metal carbide
catalysts, containing molybdenum, cobalt or nickel in different stoichiometric proportions. A
series of Co-Mo and Ni-Mo carbides were prepared by different preparation methods. All solids
have been characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), cryo-microscopy, high resolution. Characterization of
these solids shows that the difference in the preparation methods results in different crystal phases.
The principal goals addressed are:
1. To synthesize TMC catalysts by different methods and find a way to control desirable
structure of final product by applying method of synthesis, reaction conditions and a
choice of precursors. To synthesize alkali promoted TMC catalysts.
2. To characterize obtained solids and explain their structure.

7

3. To test TMC catalysts in several type of catalytic reactions and determine the most
effective and selective one.
4. To find connection between catalytic performance and structure of TMC.
5. To carryout characterization of fresh versus spent catalyst.
The chapters that follow will discuss the class of TMC, its typical reactions and structure,
different methods of synthesis and characterization. They will provide the motive for utilizing the
nickel and cobalt promoter and then alkali promoter to our catalytic series. Furthermore, they will
describe a detailed schematic of the gas to liquid technology used for testing these catalysts. The
final chapters will include experimental methods, characterization, results and discussion of the
catalytic material and the conclusion.
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Chapter 1:Transition Metal Carbides and Their Properties
The primary purpose of this study is to investigate the use of transition metal carbides as
catalysts.
The incorporation of main group element, such as carbon, into the lattices of early
transition metals produces compounds with unique physical, chemical, electronic, and catalytic
properties. These resulting alloys are referred to as transition metal carbides (TMC). The carbides
are well known for their hardness, strength, and high melting points, characteristics of ceramic
materials. Interestingly, they also possess electronic and magnetic properties similar to those of
metals. They often adopt simple crystal structures, such as face-centered cubic (fcc), body-centered
cubic (bcc), or simple hexagonal (hex) structure, with the nonmetal elements occupying the
interstitial spaces between metal atoms. For this reason, TMCs are often termed interstitial alloys.
Theoretical band calculations indicate that the bonding in carbides involves simultaneous
contributions from metallic, covalent, and ionic bonding. Metallic bonding is related to the metalmetal bonds; covalent bonding arises from the interaction of carbon 2s and 2p orbitals with metal
d orbitals; and the ionic contribution is related to the charge transfer between metal and nonmetal
atoms. (3)
Molybdenum carbide can occur in many crystalline forms, the most common of which is
α-MoC and β-MoC. It is the latter phase which is stable at low temperatures and occurs in steels.
β-MoC has a close-packed hexagonal crystal structure with the carbon atoms located in one half
of the available octahedral interstices. The lattice parameters are a=0.3007 nm and c=0.4729 nm.
In the MoC system at least six different phases have been identified, see Table 1, this even once
called in the literature for "The Molybdenum Carbide Problem''.
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Table 1: Phases and structure of molybdenum carbides

The two (possibly three) different MoC phases exhibit an ABAB stacking sequence of the
metal planes with carbon in the octahedral sites. The difference between the MoC phases is due to
order/disorder transformations of the carbon atoms. The cubic -MoC phase is isostructural with
TiC, i.e, a NaCl-type structure, with the well-known ABCABC stacking sequence, while the phase
denoted MoC is isostructural with WC and exhibits a simple hexagonal structure with an AAAA
packing of the metal atoms. In addition, two more complex phases with hexagonal structures have
been identified: the MoC phase with an ABCACB packing sequence and the -MoC phase with an
AABB stacking of the metal planes. (7)
The most abundant carbide- Mo2C presented in fig.5.

Figure 5: Molybdenum Carbide powder
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In Table 2 presented melting points of the carbides of Groups IV-VI and in Table 3properties of other refractory materials to compare. It is obvious so close are physical properties
of carbides to the hardest refractory materials. (8)

Table 2: Melting points of the carbides of Groups IV-VI

Metal Name Metal MP (oC)2

Carbide (MC) MP (oC)*2

Carbide (MC) MP (oC)**6

Ti
Zr
Hf
V
Nb
Ta
Cr
Mo
W

3067
3420
3928
2648
3600
3983
1810 (Cr3C2)
2600
2776

2940
3420
3820

1677
1852
2222
1917
2487
2997
1900
2610
3380

* Values listed in Toth
** Values listed in Kirk-Othmer Encyclopedia of Chemical Technology
Table 3: Properties of other Refractory Materials

Material

Melting Point (oC)

SiC
2300
C, diamond 3800
Al2O3
2050

Microhardness (kg/mm2)
2580
7600
2080

1.1.Structure of Transition Metal Carbides
Most of the transition metal monocarbides form in the B1(NaCl) structure, fcc metal with
carbon occupying the octahedral interstitial sites. The shortest M-M distance is about 30% greater
in the B1 carbide than in the pure metal for the Group IV and V carbides, but drops to less than
10% greater for the Group VI or VII carbides. At 100% site occupancy, the stoichiometry of the
carbide is MC1.0, though this situation is rarely realized. The concentration and ordering, if any, of
11

the vacancies that result from a nonstoichiometric M-C ratio have a great effect on the
thermodynamic, mechanical, electronic, and magnetic properties of the metal carbides; however,
the details of these effects are a matter of some debate in the literature, due to the difficulties
inherent in synthesizing pure compounds and in measuring the exact details of the crystal structure
of a given sample. The metal carbides share many characteristics with the metals themselves,
having a plastic deformation like the fcc metals which, while lowering the high-temperature
hardness, protects parts fabricated from the carbides from catastrophic failure in response to
stresses. (3)
Most of the Group IV-V metal carbides conform to the Hägg rules, which were developed
empirically to “predict” the structures of the transition metal borides, carbides, halides, and
nitrides. The structure adopted by the metal carbide is determined by the ratio of the radius of the
nonmetal atom (rx) to that of the metal atom (rm). For r = rx/ rm< 0.59, the structures adopted are
the simple A1, A2, A3, and hexagonal lattices. For r > 0.59, more complex structures form to
prevent the expansion of the lattice – which would have been required for the simple structure to
accommodate the large nonmetal atom – from taking the metal atoms beyond the distance for
favorable metal-metal interactions. The monocarbides take on an fcc metal lattice with carbon
atoms on the octahedral interstitial sites, while random occupation of half of the Oh sites in M2C
or M3C leads to the L3’ (anti-NiAs) structure, and carbon occupation of the trigonal prismatic sites
in the hcp lattice formed by the tungsten atoms leads to the CdI2 structure. Non-Hägg structures
are known among the carbides as well, a major example being Cr2C3.
One much-noted feature of the structure of the transition metal carbides is that the lattice adopted
by the metal in the carbide is never that of the parent metal. That is to say, if the metal has an hcp
lattice, its carbide has the metal on an fcc lattice; the fcc parent metal occupies a non-cubic lattice
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in the daughter carbide; and bcc parent metals have both fcc and hcp lattices available in the
daughter carbides. This has been explained using Engel-Brewer theory of metals, in which the
structure adopted by a metal or alloy depends on the s-p electron count. With increasing s-p
electron count the metal structure progresses from bcc to hcp to fcc across the transition series.
Likewise, the Group IV and V metal carbides MC form in the B1 structure rather than a hexagonal
form because the incompletely filled bands of the host metals can accommodate a high ratio of spelectron-rich carbon to metal. In Group VI the stoichiometry M2C occurs often, while Groups VII
and VIII, when they form carbides at all, take on metal-rich stoichiometries M3C and M4C,
consistent with an attempt to avoid filling antibonding levels in the metal bands.
The nature of the bonding in the monocarbides is a matter of some debate, although all agree that
the simple ionic model (M+C- or M-C+) is not consistent with the properties of the carbides. Ionic
materials will not typically slip on the {111} planes due to the strong repulsive (coulombic)
interactions across the shear plane in the half-glide position; instead, they will slip on the {110} or
{100} planes. The catalytic behavior of WC is similar to that of Pt and this is explained according
to the addition of the carbon valence electrons to those of tungsten to give a count equal to that of
platinum. However, the exact direction of electron transfer is the subject of some controversy. Xray photoelectron spectroscopy (XPS) and electronegativity considerations suggest simple M -->
C electron donation, but the XPS data is questionable due to the possibility for backdonation or
screening effects. Furthermore, simple M ‡ C donation would result in ionic compounds such as
the alkali and alkaline earth metal carbides. However, these materials are resistors with low optical
transparency or reflectivity, and readily hydrolyze to the metal oxide and hydrocarbon. In contrast,
the transition metal carbides are conductors with a shiny metallic and colored appearance and are
hydrolytically stable. Band occupation suggests C --> M electron transfer. Carbon appears to
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combine its sp electrons with the metal spd bands, leading to the similarity between the crystal
structures, reactivities, and catalytic activities of the refractory carbides and the Group VIII metals.
Such a donation scheme may be used to explain, if crudely, the trend in melting point maxima,
which occurs in Group VI for the metals, Group V for the carbides, and Group IV for the analogous
mononitrides: the maxima may be associated with the half-filled d shell. The Group IV-V carbides
are able to form continuous solid solutions with each other over a wide range of compositions, but
are only partially miscible with the carbides of the Group VI - VIII metals. Ceramic materials of
mixed C, N, and O composition are also common, with oxycarbides of definite stoichiometry
having been reported for a number of the early transition metals. Even “pure” metal carbides tend
to contain small amounts of dissolved oxygen. (9)
Approximate preparation of the transition metal carbides is straightforward, but ensuring a
given stoichiometry and purity against oxygen contamination is famously difficult. Variations in
the quantity of vacancies on the carbon (or, less frequently, the metal) lattice, as well as variations
in the amount of dissolved oxygen, lead to a wide range of claims regarding even basic
thermodynamic, mechanical, and electromagnetic data for the early transition metal carbides.
Removal of the oxycarbide phases, which can be considered to be solid solutions of MO and MC,
depends on the partial pressure of CO over the sample to be purified. At the high-carbon end of
the stoichiometric range, Equation 1.1 leads to additional dissolved oxygen in the lattice if CO is
removed. At the low-carbon end, Equation 1.2 occurs independently of the CO partial pressure.
Thus if excess graphite is present, a high CO partial pressure leads to more nearly stoichiometric
carbide as Equation 1.1 is forced left; but the success of this approach in purifying a given metal
carbide depends on the stability of the oxycarbide, the annealing temperature and time, and,
clearly, the partial pressure of carbon monoxide.

14

(1.1) MxOy+ C (dissolved in MC) = MO (dissolved in MC) + CO(g)
(1.2) MxOy+ M (dissolved in MC) = MO (dissolved in MC)
Group IV carbides are difficult to purify without melting; heating up to 2000oC will result in
increased oxygen contamination if the vacuum is not better than 10-6torr. Moreover, as noted in
the previous section, few straightforward chemical methods exist for finding the oxygen level in
the Group IV carbides MC1-x bulk materials; none are reliable. The Group V and VI carbides purify
readily at temperatures over 1800oC.
Slow diffusion of carbon in all of the refractory carbides results in stoichiometry gradients which
are difficult to detect in bulk materials but which may compromise the material strength, hardness,
and high-temperature behavior. The lattice parameter and the sharpness of the XRD pattern can
give some rough indication of the homogeneity, however.
Group IV metals tend to form in a single cubic phase with a limiting stoichiometry near MC1.0, but
which normally varies from MC0.5 to MC0.97 depending on the synthesis conditions. Group V
metals form an M2C phase in addition to the monocarbide. The composition range of the M2C
phase is narrow at room temperature, with decomposition into the cubic phase plus liquid at high
temperatures. The V-C system has a cubic phase extending to MC0.88, while NbC and TaC
approach MC1.0and melt congruently even at carbon-deficient stoichiometries. The Group VI
metals have a more complex M-C phase diagram, forming a number of distinct compositions. The
chromium carbides behave uniquely, while the Mo-C and W-C systems have common features,
with the MC and M2C phases stable at high temperatures. The trends in melting points indicate
that the Group IV, V, and lower two Group VI metals have strong M-C and M-M bonds, distinct
from the Groups IA - IIIB metals, which form acetylenic M-C bonds, and from the Groups VIII IIB metals, which form unstable carbides, if at all. (9)
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Removal of bound carbon causes the lattice parameter to decrease in most of the refractory
carbides, but to increase in TiC and ZrC. The behavior of HfC on decrease of the lattice carbonto-metal ratio is uncertain due to the variation in this behavior among reports. For several metal
carbides, the variation of lattice parameter with carbon content is linear. Removal of carbon from
the lattice also is associated with reductions in hardness, at least for the Group IV carbides.
Dissolved oxygen lowers the lattice parameter in Group IV carbides, while it increases it in Group
V carbides, and has an uncertain effect for carbides of Group VI metals. The effect of oxygen
contamination on mechanical properties is not clearly reported in the literature.
The refractory carbides show high chemical resistance but will react under certain
conditions. At high temperatures, the high-carbon compositions form hydrocarbons in the presence
of hydrogen. The reactions with oxygen have been indicated above (Equations 1.1.and 1.2), and
are complex. The carbides will form the nitrides at high temperatures and in the presence of N2,
NH3, or N2/H2 mixtures; however, the cubic carbides and nitrides are completely miscible.

1.2.Platinum-like Properties of TMC
The reactivities of transition metals can be modified by the formation of carbide overlayers
which is similar to Pt-group metals. Therefore, in many types of reactions TMCs display activity
approaching or surpassing those of the best Group VIII metals.
Although their activity is similar to those of the noble metals, kinetics and product selectivities
are often different in the catalytic reactions involving oxygen- containing molecules and indicate
that the carbides provide unique catalytic pathways. However, TMCs show a high activity in
oxygen-containing molecules reaction, including both inorganic (O2, H2O, CO and CO2) and
organic (alcohols, aldehydes, acids and esters) molecules. Properties of the TMC cannot be
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explained by the nature of the bonding. Hardness- from strongly directed covalent bond,
conductivity- metallic bond, charge transfer, resulting in catalytic properties due to ionic bonding.
The direction and magnitude of charge transfer between metal and carbon in these compounds is
a subject of discussion in literature.
The similarity to platinum has been attributed to pd-hybridization to form covalent metalcarbon σ and –π bonds with low lying bonding orbitals, separated by a gap from the antibonding
orbitals. Metal σ bonds are located in this gap, through which Fermi energy passes. It is from these
bonds that catalytic behavior is presumed to arise.
A correlation diagram for the interaction carbon and a metal to form a monocarbide presented in
Fig.6. (2) The orbitals shown are with respect to an arbitrary plane. The d-orbitals form two sets,
one set is capable of mixing with p-orbitals of C to form bonds across the arbitrary plane, while
the remaining d-orbitals can form only weaker σ –bonds across planes.

Figure. 6: Band states in a monocarbide
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Levy and Boudart developed the temperature programmed method for the preparation of
high surface area carbides and found a similarity between early transition metal carbides and noble
metal catalysts. These carbide materials have been extensively studied as alternative catalysts to
precious metals and have shown much higher activity for hydrogen transfer reactions, especially
for hydroprocessing reactions and hydrodenitrogenation. Some researchers found them very
promising for isomerization reactions also. In some cases, they show superior selectivity, stability,
and resistance to poisoning. The advancement of this material its great strength and hardness.
After series of research it was concluded that the most effective catalytic surface on Mo2C
is an oxicarbide surface, created by a mild oxidation followed by an activation in the
H2/hydrocarbon feed mixture. Synthetic difficulties to high surface areas were overcame and it
was found that Mo carbides were generally effective in activation of C-O, N-N and H-H bonds.
The “Pt-like” catalytic behavior of tungsten carbide was rationalized as being the result of electron
donation from carbon to tungsten (W) upon alloying. By increasing the electron count of tungsten
its reactivity is moderated such that WC exhibits catalytic properties similar to those of the group
VIII elements located to its right in the periodic table. (10)
The catalytic behavior of WC and other TMCs has been investigated for a number of other
reactions and, in many cases, does in fact resemble that of group VIII metals.
M.K. Neylon concluded that carbides and nitrides of the same metal had similar activities
suggesting that the effect of the non-metal atom type was small. Variations in the catalytic
properties of the nitrides and carbides were the result of differences between their electronic
structures. In Table 4 presented some properties of TMCs and nitrides. (4)
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Table 4: Structural properties of the Group V and VI TMCs and nitrides

A group of M.K.Neylon prepared series of Group V and VI transition metal nitrides and
carbides via temperature programmed reaction (TPR) of the appropriate oxide with NH3 or an
equimolar mixture of CH4 and H2. The resulting materials were characterized using X-ray
diffraction and sorption analysis, and evaluated dehydrogenation, hydrogenolysis, and/or
isomerization of butane. Butane consumption rates for the nitrides and carbides were typically
greater than those for a commercial Pt±Sn/Al2O3 catalyst. The corresponding activities (surface
area normalized reaction rate) ranged up to 1.01013 molecules/cm2s and decreased in the following
order: Mo2N>W2C

WC>W2N WC1ÿx>Mo2C>VN VC NbN NbC. (4)

Turnover frequencies estimated for the nitride and carbide catalysts were of the same order
of magnitude as that for the Pt±Sn/Al2O3 catalyst. In addition, activities for the nitrides and
carbides were comparable with those reported for platinum powders.
The researchers were also able quantitatively assess influences of the non-metal atom type,
metal atom type and lattice structure on catalytic properties of the carbides. The metal atom type
had the most significant effect. The Group VI compounds were much more active than the Group
V metal nitrides and carbides, and their selectivities were different. The Group VI transition metal
nitrides and carbides primarily catalyzed the hydrogenolysis and dehydrogenation of butane. The
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W2N catalyst also had a high selectivity to isomerized products. The Group V compounds
selectively catalyzed butane dehydrogenation. The different activities and selectivities are believed
to be due to variations in their electronic structures. The lattice structure also had a significant
influence on the catalytic properties, however, the effect of the non-metal atom type was
insignificant. The mechanism for butane hydrogenolysis appeared to be similar for all of the
nitrides and carbides. Except for the Mo2C catalyst, hydrogenolysis occurred preferentially at the
central C±C bond. For the Mo2C catalyst hydrogenolysis occurred with nearly identical
frequencies at the central and terminal C±C bonds. The Pt±Sn/Al2O3 catalyst favored
hydrogenolysis at the terminal C±C bond. Olefin to paraffin ratios for the nitrides and carbides
were small indicating a preference for saturated products during hydrogenolysis. Apparent
activation energies for butane conversion over the nitrides and carbides ranged from 18 to 41
kcal/mol. These values are similar to those previously reported for tungsten carbide and Pt-group
metal catalysts. (1) (4)
Hydroprocessing refers to a variety of catalytic processes that are used to substantially reduce the
sulfur, nitrogen, oxygen, and aromatics content of petroleum feedstocks. These processes represent
one of the most important steps in refining. Recently a great number of studies dealing with the
application of TMC in hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) reactions
have been reported. However, most of the work has concentrated on molybdenum carbide
catalysts. In those studies, molybdenum carbide proved to be superior to commercial hydrotreating
catalysts in terms of activity and selectivity. Ramanathan and Oyama (10) completed a
comprehensive study over a series of medium surface area carbides and nitrides encompassing
groups IV-VI. They found that not only were these materials highly active for HDN but they were
also sulfur resistant.
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http://scholar.lib.vt.edu/theses/available/etd-03062000-21090032/unrestricted/chapter1.pdf

1.3. Reactions of TMC
Since the pioneering work by Levy and Boudart, early transition metal carbides (TMCs) of
the IV-VI groups have attracted attention as potential catalysts for broad applications, because
they exhibit hydrogenating properties similar to those of noble metals and at the same time they
are sulfur-tolerant. Initially, these interstitial compounds were found to show similar properties
as the platinum-group metals for transformation of hydrocarbons reactions. Later, they showed
to be very active for other types of reactions, such as hydrotreatment (HDT) (i.e.,
hydrodesulfurization, HDS; hydrodenitrogenation, HDN; hydrogenation, HYD), conversion of
methane to synthesis gas, methanol or higher alcohol synthesis, etc. Indeed, it has been reported
by several authors that these materials could exhibit similar or higher HDS activity than sulfided
Mo/Al2O3 or Co(Ni)Mo/Al2O3.

1.3.1. Hydrotreating Reactions
Hydrotreating is a group of very important processes and it has been studied extensively
for many decades. The hydrotreating process saturates unsaturated hydrocarbons and removes a
significant amount of the impurities present in the raw distillate streams by reaction with H2.
Hydrotreating is today used extensively for improving the quality of final products and the related
hydrocracking process is used for conversion of heavy feedstocks. The former process usually
implies only small changes in overall molecular structure, while a significant change in a
molecular weight occurs during the latter one. Hydrotreating also plays an essential role in
pretreating streams for other refinery processes. More severe environmental legislation with
respect to harmful emissions has triggered an increased interest in both basic and applied research
within hydrotreating catalysis. Although there are significant variations from region to region, it
is clear that the environmental regulations will pose a major driving force for introducing more
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hydrotreating capacity in refineries. Deep desulfurization and aromatics reduction become
increasingly important in order to provide environmentally more acceptable reformulated fuels.
As a result of this increased role of hydrotreating, a majority of all refinery streams undergo
hydrotreating today. These new challenges have a very strong impact on the current refining
facilities and will continue to have the effect in the near future, e.g. as shown in an article dealing
with the influence of sulfur limitations by Swaty (11). As was mentioned earlier, the impurities
removed during hydroprocessing are mainly metals and compounds containing sulfur, nitrogen,
and oxygen. The sulfur is the most common, but at the same time the least tolerable of these
impurities. However, because of the steep increase in the consumption of the refined products
from crude oil, crude oils of lower quality have to be processed and that requires, in addition to
hydrodesulfurization (HDS), conversion of large molecules to smaller ones, the removal of metals
(hydrodemetalization, HDM), nitrogen (hydrodenitrogenation, HDN), and in some cases also
oxygen (hydrodeoxygenation, HDO). (12)

1.3.1.1 Hydrogenation
Catalytic hydroprocessing continues to be the core method for upgrading of feedstocks
with high aromatic content. European environmental organizations have already established
standards in this area and the US expected to follow in the near future. The reduction of aromatics
in heavy petroleum upgrading will require careful management of hydrogen during
hydroprocessing. The mandated reduction of aromatic contents by the US government in the 1990
Clean Air Act Amendments (13) has resulted in a further reduction of reformer operating severity,
hence, severely reducing hydrogen production. Lower gasoline temperature endpoints and
reduced sulfur level are mandated.

1.3.1.2. Hydrodesulfurization (HDS)
The term “hydrotreating” is very often used as a synonym for hydrodesulfurization,
because the removal of sulfur remains to be the main goal of the hydrotreating process. The need
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to upgrade low quality feedstocks explains the still increasing interest in the process of HDS,
mainly aiming at the design of new catalysts that could serve as an alternative to the currently
employed formulations, in order to meet the environmental standards on emissions of sulfur.
In this vein, molybdenum carbide (-Mo2C) and molybdenum nitride Mo2N have attracted
attention as potential catalysts for use in the HDS process.
A group of researchers (14) prepared supported monometallic, bimetallic and promoted
carbide and nitride catalysts MoC, MoC1−x (x ≈ 0.5), -Mo2N, Co–Mo2C, Ni2Mo3N, Co3Mo3N and
Co3Mo3C and studied their catalytic properties over HDS reaction in compare to conventional
sulfide catalysts having similar metal loadings. It was established that Alumina-supported -Mo2C
and -Mo2N catalysts (Mo2C/Al2O3 and Mo2N/Al2O3, respectively) are significantly more active
than sulfided MoO3/Al2O3 catalysts, and X-ray diffraction, pulsed chemisorption and flow reactor
studies of the Mo2C/Al2O3 catalysts indicate that they exhibit strong resistance to deep sulfidation.
A model is presented for the active surface of Mo2C/Al2O3 and Mo2N/Al2O3 catalysts in which a
thin layer of sulfided Mo exposing a high density of sites forms at the surface of the aluminasupported -Mo2C and -Mo2N particles under HDS conditions.
Cobalt promoted catalysts, Co– Mo2C/Al2O3, have been found to be substantially more
active than conventional sulfide Co– Mo2C/Al2O3catalysts, while requiring less cobalt to achieve
optimal HDS activity than is observed for the sulfide catalysts.
Alumina-supported

bimetallic

nitride

and

carbide

catalysts

(Ni2Mo3N/Al2O3,

Co3Mo3N/Al2O3, Co3Mo3C/Al2O3), while significantly more active for thiophene HDS than
unpromoted molybdenum nitride and carbide catalysts, are less active than conventional sulfided
Ni–Mo and Co–Mo catalysts prepared from the same oxidic precursors.

1.3.1.3. Hydrodenitrogenation (HDN)
Hamid A.Almegren et al. (15) reports that bimetallic cobalt–molybdenum oxide
(CoMoOx) has been prepared and converted into CoMoNx, CoMoCx and CoMoSx materials by
temperature-programmed reactions with ammonia, ethane or hydrogen sulfide, respectively.
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These new bimetallic materials have been characterized using X-ray diffraction (XRD) and solid
state NMR and tested for pyridine hydrodenitrogenation (HDN) at various temperatures.
The initial HDN activity of the catalysts decreases in order
CoMoCx ∼CoMoNx ∼CoMoOx > CoMoSx.
The stability order of the first three of catalysts is
CoMoCx > CoMoNx > CoMoOx, and their activities decrease with the time on stream.
The high catalytic activity of the CoMoCx catalyst may reflect the ability to hydrocrack pyridine
to yield methane. Since the Co4Mo6 carbide catalyst shows the highest activity for pyridine HDN,
it is believed that the carbide phase is more structure stable than other phases.

1.3.2. Ring Opening Reactions
Selective ring opening (SRO) of naphthenes to paraffins is essential to upgrade the gas oil.
Complete saturation of multiring aromatics to multiringnaphthenes prior to SRO is important.
Metal and acid site promoted hydrocracking and dealkylation reactions must be avoided to
minimize losses in mid distillate yield. SRO of both five- and six-membered naphthene rings is
an essential reaction. Controlling the interconversion of five- and six-membered rings via an acidcatalyzed ring-contraction step is of special importance, since, selective conversion of sixmembered naphthene rings to five-membered naphthene rings greatly influences the ring-opening
rates and selectivity. Many papers were published in open literature on the effect of various acidic
catalysts on the ring opening of model compounds like decalin, tetralin , indan, naphthalene and
1-methyl naphthalene. Noble metal catalysts are easily prone to sulfur poison. In order to meet
the catalyst stability and thioresistance requirements, the use of Mo based catalysts attracted the
attention of the scientists. But there are only few studies conducted on the effects of ring opening
catalysts on the fuel quality improvement of real feed stocks. Even though the activity of the PtIr/HY catalyst is in good comparison with Ni-Mo carbide catalyst, the deactivation of the earlier
catalyst was fast. Pt-Ir/HY catalyst deactivated after 72 h, whereas Ni-Mo carbide/HY catalyst
lasts for 168 h. (16)
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Fuel quality improvement was studied on Pt-Ir and Ni-Mo-carbide catalysts. Screening of
the catalysts revealed that Ni-Mo carbideis an effective catalyst for the improvement in quality of
the feed, giving 12 unit increase in cetane number. The activity of Pt-Ir catalyst is comparable
with that of Ni-Mo carbide but deactivates fast. NMR analysis showed that the Ni-Mo carbide
catalyst improves the cetane index of the fuel by selectively converting the naphthenes to paraffins
in the temperature range of 300–325 0C. Dehydrogenation and secondary cracking are dominant
above 325 0C, which leads to the reduction in cetane index.

1.3.3. Isomerization
Interest in the catalytic properties of TMC for a variety of processes stems from the seminal
research of Levy and Boudart, starting with a report that unsupported tungsten carbide (WC)
catalyzed isomerization of neopentane. This isomerization reaction had been previously observed
only for platinum and iridium catalysts. Given that tungsten metal indiscriminately breaks the C–
H and C–C bonds of hydrocarbon molecules adsorbed on its surface, the discovery that tungsten
carbide is capable of the gentle chemistry required to catalyze hydrocarbon isomerization drew
the strong notice of the catalysis community. (17)

1.3.4. Production of Hydrogen
Researchers at the U.S. Department of Energy's Brookhaven National Laboratory have
discovered a low-cost, stable, effective catalyst that could replace costly platinum in the
production of hydrogen. The catalyst, molybdenum carbide, made from renewable soybeans and
abundant molybdenum metal, produces hydrogen in an environmentally friendly, cost-effective
manner, potentially increasing the use of this clean energy source. (18)
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hydrogenation/dehydrogenation called biomass conversion. TMC demonstrated high catalytic
activity in conversion of biomass such as cellulose to lower order polyols. (19)

1.3.6. Photocatalytic Reactions
The photo-catalytic conversion of methane into methanol was investigated under different
experimental parameters such as catalyst concentration, laser power, laser exposure time, effects
of free radical generator (H2O2) and electron capture agent (Fe3+), using visible laser light. The
study was carried out at room temperature with a simple set up using a laser light, water and a
semiconductor photo-catalyst WO3. (20)

1.3.7. Dry Methane Reforming
The dry-methane reforming (DMR) behavior of Co–Mo and Ni–Mo carbide catalysts has
been studied in order to establish the effect of the cobalt or nickel content of molybdenum carbide
DMR catalysts. The results indicate that incorporating cobalt into the Mo2C structure at a Co/Mo
ratio of 0.4, i.e. a Co0.4Mo1Cx catalyst, gives the superior catalytic activity and stability.
However, when the Co/Mo molar ratio is 0.5 (i.e. Co0.5Mo1Cx catalyst) the stability is
significantly lowered. (21)

1.3.8. Steam Methane Reforming
Steam reforming is the process of converting hydrocarbons and water at high temperatures
into hydrogen or synthesis gas. Methane steam reforming is a well-established commercial
process for the production of synthesis gas with a high H2/CO ratio, which can be used as a
feedstock for ammonia and methanol syntheses, but is not suitable for Fischer–Tropsch synthesis,
when a lower H2/CO ratio is required. Also, hydrogen is an alternative source of energy to the
existent fossil fuel. It can be directly burned in a motor of internal combustion or converted to
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electrical energy in a fuel cell system. The methane reforming is frequently accomplished by
another reaction, named water–gas shift (WGS), which consumes a part of the CO formed to
produce CO2 and additional H2.
Supported noble metals like rhodium and ruthenium can be used to catalyze the methane
reforming. These metals are active and catalytically stable against deactivation, but they are
expensive and not available in large volumes. The most frequently used commercial catalyst is
the -alumina supported nickel. A problem encountered in using this catalyst is the deactivation
caused by coke formation, via methane decomposition and CO disproportionation when the feed
composition of the reactor is near stoichiometric. The solution adopted is the feeding of water in
great excess to the reactor, which makes possible the removal of the carbon and results in increase
of energy consumption.
A promising alternative to the catalysts, in use nowadays in methane steam reforming is
the TMC. They show great potential for applications, compared to the noble metals, and the raw
materials used to prepare the carbides, usually metal oxides, are abundant and cheaper.
Molybdenum carbide, in particular, is active and stable for hydrocarbon reforming and is resistant
to deactivation by poisoning with SOx. (22)

1.3.9. Carbon Monoxide Hydrogenation
Hydrogenation of carbon monoxide was studied over the face centered cubic (fcc) phases
of molybdenum and tungsten carbides. Moderately high surface area unsupported molybdenum
and tungsten carbides (95 and 52m2 g−1 respectively) were prepared using a temperature
programmed synthesis method. The starting oxides were first converted to a cubic nitride by
reacting with ammonia, which are subsequently transformed to the carbide in a methane/hydrogen
mixture. The presence of the face centered cubic structure was confirmed by X-ray diffraction.
The production of large amounts of carbon dioxide instead of water in the case of molybdenum
carbide indicates a high water gas shift activity. In both cases the main hydrocarbon product is
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methane. The molybdenum carbide demonstrated significant water gas shift activity, under the
reaction conditions, compared with the tungsten carbide. (23)

1.3.10. Fisher-Tropsch Synthesis (FTS)
Valorization of the natural gas induces a renewed interest for the Fischer-Tropsch reaction,
which is one of the major routes of natural gas utilization. The Fischer-Tropsch reaction can lead
to a broad range of products, i.e. hydrocarbons, alcohols, acids, esters, . . ., from a mixture of
carbon monoxide and hydrogen. FT synthesis in industrial scale proceeds on supported transition
metal catalysts, Co or Fe on oxide supports generally Al2O3 or SiO2.
Both the use of cobalt or ruthenium as active metals for FT reaction and the physical and
catalytic performances of group VI TMC have motivated a fundamental study of the influence of
the nature of transition metal carbides (MxC with M=W, Mo; x= 1 or 2) on the cobalt or ruthenium
reactivity. It was found that Mo2C gives mainly light hydrocarbons, alcohols and CO2. As Mo2C
intrinsic nature is to form light hydrocarbons, carbon vacancies or/and remaining oxygen
adsorbed on the surface can account into alcohol formation. Addition of Ru or Co increases the
activity following the sequence: Mo2C< Ru/Mo2C< Co/Mo2C.
The addition of ruthenium decreases alcohol formation whereas cobalt increases formation
of heavy hydrocarbons. (24)

1.3.11. Hydrodeoxygenation (HDO)
Vapor-phase hydrodeoxygenation (HDO) of anisole over Mo2C catalysts at low
temperatures (420–520 K) and ambient pressure showed (1) remarkable selectivity for C–O bond
cleavage, giving benzene selectivity >90% among C6 + products, (2) high hydrogen efficiency
for the HDO reaction as indicated by low cyclohexane selectivity (<9%), and (3) good stability
over ∼50 h.
Methane selectivity increased at the expense of methanol selectivity as anisole conversion
increased, suggesting that the phenolic C–O bond was cleaved preferentially. The involvement of
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metallic sites on Mo2C catalysts for this reaction was demonstrated by the nearly invariant
benzene synthesis rate per CO chemisorption site. (Lee, 2014, Nov)

1.3.12. Deoxygenation
The selective deoxygenation of aldehydes and alcohols without cleaving the C-C bond is crucial
for upgrading bio-oil and other biomass-derived molecules to useful fuels and chemicals. In the
work of Xiong et al, propanal, 1-propanol, furfural and furfuryl alcohol were selected as probe
molecules to study the deoxygenation of aldehydes and alcohols on molybdenum carbide (Mo2C)
prepared over a Mo(1 1 0) surface. The results revealed the promising deoxygenation performance
of Mo2C, as well as the effect of the furan ring on the selective deoxygenation of the C-O and COH bonds. (25)

1.3.13. Dehydrogenation
Selective dehydrogenation is important for the production of chemicals and fuels, as well
as for hydrogen storage. Computational and experimental ammonia decomposition on various
transition and noble metal catalysts discussed in Introduction part. These bimetallic surfaces are
then tested experimentally for their activity to validate the model predictions.

1.3.14. Electrocatalytic Reactions
The unique properties of TMCs have made them promising catalysts in a number of catalytic and
electrocatalytic processes that involve the transformation of oxygen-containing molecules. For
example, the catalytic and electronic properties of group VI carbides have shown potential
application as alternative electrocatalysts for direct alcohol fuel cells (DAFC). (26)

1.4. Different Carbon Sources for TMC Synthesis
The carbon source used for the carbide synthesis has a large effect on the dispersion,
activity and lifetime of the carbide catalysts. There are many routes to molybdenum carbide,
29

among them, the direct temperature programmed reduction of MoO3, supported or unsupported,
using the mixture of hydrocarbon and hydrogen is the most promising procedure to prepare
carbide catalyst. However, up to now the usage of hydrocarbon is mainly limited to methane, a
few case involved in C2 and C4 ]. The employment of these hydrocarbons is very difficult in mass
production of carbide catalyst due to the higher cost or thermo-calcination or vigorous and
dangerous operation conditions. Quanli Zhu et al now report a new route to β-Mo2C using toluene
as a carburizing resource. (27)

1.5. Supported and Unsupported TMC
Many different supports have been tested and many combinations are presently being
investigated, but the typical support for commercial hydrotreating catalysts continues to be γAl2O3. Alumina was found to be effective as a support for hydrotreating catalyst already in the
beginning of the industrial application of the process. Alumina as a good choice with respect to
the activity enhancement is mentioned in several reviews (28). Among the many Al2O3 phases, the
γ- phase was found to be the most active one, as was reported by Ledoux. (29) Ledoux studied the
role of the crystallinity of the alumina support on the HDS activity of CoMo catalysts. The effect
of support is clearly not only to anchor active metals of the catalyst, but also enhance its catalytical
properties.
Unsupported molybdenum sulfide catalysts have often been used as model catalysts for
hydrotreating reactions. Based on their nature, these catalysts are used in slurry processes which
can accommodate heavy feedstocks with residual matters. However, the primary function
required for the catalysts in slurry processes is not hydrodesulfurization but hydrogenation
(HYD), because the major role of the catalyst is to quench thermally produced radicals by
supplying active hydrogen species. Daage and Chianelli [11] present the “rim-edge” model for
the Mo/Al2O3 catalyst and report that a difference exists between the rim and edge active sites
during the HDS of dibenzothiophene (DBT). They proved that unnsupported catalysts are more
effective for HDS. (30)
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1.6. The Effect of Passivation
In the route of synthesis TMC catalysts via hydrothermal reaction, developed by Mordenti
et al. (31) the carbon source is the catalyst carrier, either a carbonaceous material itself or a
preconditioned conventional support (e.g., by pyrolysis of a surface-bound polymer). After
preparation by either synthesis route, the obtained carbides are highly reactive towards oxygen,
being in general pyrophoric. Before exposing the obtained catalysts to the normal atmosphere, a
passivation treatment is customarily applied which consists in exposing for a given time the
freshly prepared samples to a gaseous current containing a low oxygen concentration (typically,
1 vol.% O2 in inert gas). Exposure to oxygen profoundly affects the surface composition and
catalytic properties of the catalysts. Thus, the reactivity for hydrogenation/hydrogenolysis of
hydrocarbons is strongly decreased or eliminated by surface oxidation, and this effect is
irreversible in the sense that a reduction pretreatment will not fully recover the catalytic activity
and/or selectivity shown by the fresh catalysts. In agreement with this, Wu et al. reported an
irreversible effect of passivation on the noble metal-like functionalities of carbides which parallels
the behavior of CO adsorption on fresh and passivated-reduced Mo2C/ Al2O3. On the other hand,
the catalytic performance can be enhanced by surface oxidation in such reactions as alkane
isomerization, which could be related to the presence of very active mixed oxo-carbide species.
(32)
Esneyder Puello-Polo extensively studied the effect of promotion and passivation of TMC.
In the case of the HDT reactions, where most studies concern Mo-based monometallic or
bimetallic (NiMo, CoMo) carbides, passivated samples are generally pre-reduced with H2 at the
reaction temperature before catalytic reaction tests. The purpose of such treatment is to remove
the surface oxidic layer and restore the carbides to their previous condition. As indicated above,
the passivated and reduced catalysts show a distinct reactivity than the initial carbides, which
probably stems from the fact that reduction with H2 of passivated carbides not only reduces the
oxides, but that also carbidic carbon is removed from the surface. In addition, it has to be taken
into account the possibility that either the passivated surfaces or the pre-reduced ones could
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eventually become transformed into sulfides under the reaction atmosphere (or if a presulfiding
treatment is purposely employed before reaction), thus generating carbosulfided phases. In the
same way as the mixed oxo-carbide modified surface species exhibit new and interesting catalytic
functionalities, it can be anticipated that mixed sulfocarbides could show distinct properties than
the carbidic original phases. From this point of view, the carbide particles may serve as a template
on which a strained or highly dispersed sulfide phase is formed, and carbon could be considered
as a textural promoter, acting to increase the number of active sites instead of their intrinsic
activity. (14)
The results show the beneﬁts of a passivating treatment on these carbon-supported
catalysts, (33)

1.7. Promoted TMC
The increasing demand for progressively lower sulfur contents in fuels has resulted in motivation
for the improvement of hydrotreating catalysts currently in use. Standard Co(Ni)-Mo/ γ-Al2O 3
catalysts are being modified with additives and impregnation stabilizers. These additives may
either change the chemistry of the HDS process or improve the promoter atoms distribution.
During the last decade, phosphorus addition has became a popular choice as a stabilizer during
the preparation of highly active hydrotreating catalysts. The effect of phosphorus addition on
conventional NiMo/γ- Al 2O 3 and CoMo/γ- Al 2O 3 catalysts was studied by Mertens and a more
pronounced effect on NiMo was found (34). Kwak studied the effect of phosphorus addition on
the CoMo/Al2O3 catalyst in HDS of DBT and 4,6-DMDBT and identified two ways of the catalyst
modification by phosphorus. (35)
Ocelli and Debie studied the effect of boron on a NiMo catalyst that also contained HY
zeolite in an alumina matrix. They report that the macroporosity and a greater metal availability
(caused by the presence of boron during the preparation) is responsible for the enhanced HDN
activity observed during the upgrading of a vacuum gas oil. (36)
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In Fischer-Tropsch synthesis, promoter addition played an important role in catalytic
activity and selectivity as well as stability. It has been reported in general that promoters facilitate
CO chemisorption and enhance chain growth probability as well as reaction rate.
Promotion with alkali and also transition-metal such as Ni and Co has been studied by
several groups, including Tamao Ishidaa et al. (37) and shown beneficial effects on Mo carbide
catalyst system. The objective of that study was to compare the influence of promoter type on the
long-term attributes of the Mo carbide catalyst for Fischer-Tropsch synthesis for higher alcohol
formation as well as the physicochemical properties.
Conventional FT catalysts may be deactivated by different confounding factors during
Fischer-Tropsch reaction. Promoted TMC catalysts have a higher stability and resistance under
FT process conditions, also show a higher selectivities for higher alcohol production compared
to the conventional FT catalyst.
The modification of Fischer-Tropsch (FT) synthesis catalysts by adding an alkali promoter
produces a variety of oxygenated compounds including alcohols. There has been an increased
interest in the direct synthesis of higher molecular-weight alcohols from CO and H2. These higher
alcohols can be used as gasoline additives to improve octane number.
Direct synthesis of higher alcohols is regarded as an economically viable alternative to
clean fuels production in various gas-to-liquid (GTL) fuels processes.
M.Xiang et al (38) investigated mixed alcohols synthesis from carbon monoxide
hydrogenation over potassium promoted β-Mo2C catalysts Potassium-promoted β-Mo2C catalysts
were prepared and their performances in CO hydrogenation were investigated. The main products
over β-Mo2C catalyst were C1–C4 hydrocarbons, only ∼4 C-atom% alcohols were obtained. The
products of hydrocarbons and alcohols obeyed traditional linear Anderson–Schultz–Flory (A–S–
F) distribution. However, modification with K2CO3 resulted in a remarkable selectivity shift from
hydrocarbons to alcohols. Moreover, it was found that potassium promoter enhanced the ability
of chain propagation of β-Mo2C catalysts and resulted in a higher selectivity to C2+OH. For K/βMo2C catalysts, the hydrocarbon products also obeyed traditional linear A–S–F plots, whereas
33

alcohols gave a unique linear A–S–F distribution with remarkable deviation of methanol
compared with that on β-Mo2C catalyst. It could be concluded that potassium promoter might
exert a prominent function on the whole chain propagation to produce alcohols. A surface phase
on the K/β-Mo2C catalysts such as the “K–Mo–C” explained the higher value for C2+OH,
especially could promote the step of C1OH to C2OH, or could have a role in producing directly
C2OH, but again this would be speculative. At the same time, the influence of the loadings of
K2CO3 on the performances of β-Mo2C catalyst was investigated and the results revealed that the
maximum yield of alcohol was obtained at K/Mo molar ratio of 0.2.
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Chapter 2: Methods of Synthesis TMC
The Group IV-VI metal carbides are difficult to prepare as high purity (e.g. free of surface
oxide or graphitic and amorphous carbon contamination) and high surface area powders. There
have been a number of approaches to synthesizing the carbides in a way that produces a high
specific surface area, including carburization of a spray of the oxide powder using a CH 4/H2 gas
mixture, reaction of the metal oxide vapors with activated carbon, ultrasound irradiation of the
metal carbonyl, carburization of a precursor deposited onto a support such as alumina, and similar
approaches. The problem of surface contamination has been addressed as well, with most
solutions centering on the idea of activation of the surface of the carbide via a thermal treatment
prior to catalytic use. The thermal treatment includes heating in vacuum, which has been found
to activate TaC, TiC, and WC for hydrogenation of ethylene, or reduction in flowing hydrogen
gas. These methods, of course, are for removing surface oxygen; surface carbon (amorphous or
graphitic) is difficult to remove.
Two groups of methods-“traditional” methods and “precursor” methods are well-known
from the literature. That arbitrary separation has been made so that simple starting materials are
included with “traditional” methods, and starting materials requiring some high degree of design
and synthetic effort have been designated “precursor” methods. (3)

2.1. Traditional Methods
The usual method of preparing polycrystalline transition metal carbides on the research scale
entails the direct reaction of metal or metal hydride powders with carbon. Pure materials with a
homogenous composition are difficult to achieve, however, requiring high-purity gases or good
vacuum in combination with very high temperatures. The methods are summarized in equations
M + C --> MC
MH + C --> MC + H2

Direct reaction by melting or sintering the starting material
with carbon in vacuum or inert atmosphere.
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MxOy+ C --> MC + CO

Reaction of the metal oxide and excess carbon in inert or reducing
atmosphere.

M + CxH2x+y--> MC + H2
M + CO --> MC + O2

Reaction of the metal with a carburizing gas.

MCln+ CxH2x+y--> MC + HCl + (CqHr)
M(CO)n+ H2--> MC + (CO, CO2, H2, H2O)

Reaction of the metal halide or carbonyl vapor
with hydrogen.

The reaction temperatures for synthesis of the refractory carbides are in the range of 1100-23000C.
However, most carbide systems must be heated for several hours at temperatures over 2000 C to
ensure compositional homogeneity. With good vacuum, such treatment also will remove oxygen
contamination from many of the metal carbides. Reports regarding the range of temperatures
required to form the carbides according to other reaction schemes give variable numbers. (28)

2.2. Precursor Methods
The research involving organometallic precursors for the refractory carbides has centered
on the small-molecule, monomeric metallocene compounds for use with various forms of
chemical vapor deposition of films of these the carbide materials.
Precursors for the refractory carbides have been made from the metal alkoxides
transesterified with polyhydroxyl alcohols and mixed with phenolic resins or furfuryl alcohol to
provide excess carbon. In most of these cases the precursor was a solid, though some soluble
precursor polymers resulted.
There are many routes to molybdenum carbide, among them, the direct temperature
programmed reduction of MoO3, supported or unsupported, using the mixture of hydrocarbon and
hydrogen is the most promising procedure to prepare carbide catalyst. However, up to now the
usage of hydrocarbon is mainly limited to methan, a few case involved in C2 and C4.The
employment of these hydrocarbons is very difficult in mass production of carbide catalyst due to
the higher cost or thermocalcination or vigorous and dangerous operation conditions. A new route
to β-Mo2C using toluene as a carburizing resource was reported by (39).
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The most common method for producing Mo carbide catalyst with high surface area for
catalytic reactions is the temperature-programmed reaction technique developed by Boudart and
co-workers. In general, temperature-programmed carburization between MoO3 precursor with
gaseous agents, e.g. pure CO or a mixture of CO/CO2, H2/CO, and H2/CH4 is preferred than solid
carbon since utilization of pure carbon requires higher carburization temperature resulting in low
catalyst surface area.
Carburization conditions and carburizing gases influenced the physicochemical properties,
structure and catalytic performance of molybdenum carbide catalyst.
Methods used in this research described in the experimental part. Every method from the
literature was tested and optimized for the purpose of study.

2.3 Hydrothermal Synthesis
The term hydrothermal usually refers to any heterogeneous reaction in the presence of
aqueous solvents or mineralizers under high pressure and temperature conditions to dissolve and
recrystallize (recover) materials that are relatively insoluble under ordinary conditions. (40)
(1913) defined hydrothermal synthesis as “...in the hydrothermal method the components are
subjected to the action of water, at temperatures generally near though often considerably above
the critical temperature of water (~370°C) in closed bombs, and therefore, under the
corresponding high pressures developed by such solutions.”45 In the last decade, the hydrothermal
technique has offered several new advantages like homogeneous precipitation using metal
chelates under hydrothermal conditions, decomposition of hazardous and/or refractory chemical
substances, and a host of other environmental engineering and chemical engineering issues
dealing with recycling of rubbers and plastics (instead of burning), and so forth. Other advantages
of utilizing the hydrothermal technique include high reaction rate of powders, good dispersion in
liquid, almost pollution free, does not require very expensive and highly sophisticated equipment,
energy saving processing, and many times it produces new phases.
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Following the successful development of ceramic processing during the 1970s, the
hydrothermal technique became more attractive to ceramists and synthetic chemists because of
enhanced kinetics. The duration of the experiment is reduced by two orders of magnitude, at least,
which makes the technique more economic. Ceramics include the production of powdered
material, in this case heterogeneous catalysts. Hydrothermal synthesis is the chosen method of
synthesis for this research, not only because of the advantages aforementioned but because of its
ability to decompose our precursor products to crystalline solid.

2.4. Temperature Programmed Reaction
The first synthesis of transition metal carbides was derived from metallurgical processes at
high temperatures and resulted generally in powders with low specific surface areas (Sg). Of
prime importance for catalytic applications was the development of a temperatureprogrammed
method (TPM) of synthesis at more moderate conditions. The use of this method allowed an
optimal balance between sintering and synthesis rates and resulted in products with high Sg.
Several methods to prepare molybdenum carbides are described in the literature. Saito and
Anderson , obtained carbides of low superficial area (7m2/g) from metallic molybdenum and
carbon monoxide or using a mixture of methane and hydrogen as carburant. Lee et al., utilizing
molybdenum trioxide and carburizing with a high flux of CH4/H2 (8 L/h), obtained catalyst with
surface areas larger than 18m2/g. Other authors have prepared molybdenum carbides supported
on alumina to improve the surface areas.
In the preparation of these materials, in addition to the formation of carbide, it is necessary
to check the formation of free carbons. Free carbon is deposited on the solid surface during the
metal carburization at high temperatures and is classified as graphitic carbon or as pyrolytic
carbon, a pregraphitic form that is not yet very organized. This free carbon may be deposited over
the active sites and deactivate the catalyst. To overcome this problem, (41) (TPSR) with
hydrogen, which can remove these carbon species and recover the catalytic activity.
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For catalytic applications, TMCs are generally synthesized by means of temperature programmed
reaction between oxide precursors and a flowing mixture of hydrogen and carbon containing
gases (generally light hydrocarbons, e.g., methane, ethylene, or carbon monoxide). This type of
procedure allows to obtain the desired phases at relatively low temperatures and, thus, with higher
surface areas than the conventional ceramic-type methods. However, the resulting carbide surface
is usually contaminated by polymeric carbonaceous species produced from the pyrolysis of the
reactants.

2.5. Carbothermal Method
Carbothermal method was developed by Mordenti et al as an alternative to the problem of
synthesizing TMC. The new procedure for preparing high surface area carbides employed the
carbothermal method of using hydrogen, which can avoid the formation of carbon residues on the
surface. In this route of synthesis, the carbon source is the catalyst carrier, either a carbonaceous
material itself or a preconditioned conventional support (e.g., by pyrolysis of a surface-bound
polymer).
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Chapter 3. Experimental Part
3.1. Methods of Synthesis TMC Applied
Synthesis of Co-Mo-C is started by using two different methods, carburizing oxide and the
Sol-gel method. In the process of carburizing oxide the influence of concentration of precursor in
the solution was investigated.
For carburization two types of the quartz reactors were used- horizontal and vertical. In the
horizontal reactor the sample undergoing carburization, was placed in a boat, in a vertical reactora powder on a frit. Carburization in the vertical reactor showed better results due to bigger contact
surface area. The scheme of designed carburization setup presented on fig.7.

Figure 7: Scheme of carburization design.

3.1.1”Traditional Method” (A)
(42) Cobalt nitrate mechanically mix with molybdenum trioxide (Alfa, >99.995%) at
Co/Mo atomic ratios 0.5. Add Ethanol (10 cm3) to mixture with stirring. A slurry should be
obtain. Remove solvent gradually while stirring continues, mix the dried powder thoroughly for
2 h using a pestle and mortar. Calcine at 873K (600C) in air for 3h, cool to room temperature,
ground into a fine powder, press powder in a pellet. Place a pellet in a furnace and calcine in air
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at 873K for 24h. Then cool the pellets to the room temperature, crush them and sieve to smaller
than 250 m.
Treat CoMo bimetallic oxide powder by temperature-programmed reduction in a flow of
10 vol% C2H6 (purity >99.95%) in H2 (total flow D 100 cm3/min) at a rate of 1 K/min up to 900
K. The reduction should continued at this temperature for 2 h until no carbon oxides could be
detected in the exhausted gas. In a typical experiment, the mass range of m=e 10–100 was scanned
at 1-s intervals, which allowed the gases of CO, CO2, H2O, CH4, C2H4, and C2H6 to be monitored
by their parent ions.
In each experiment, a CoMo oxide was loaded into a quartz microreactor (o.d. 40 mm)
with quartz frit in the middle to maintain the powder. After the carburization process, the sample
was quenched to room temperature under argon by removing the tube from the furnace. Before
exposure to the atmosphere, the samples were passivated in flowing 1.0 vol% O2/Ar.

3.1.2 “Method AB”
(43) A series of Co, Ni–Mo oxide samples with different Me/Mo (Me=Co, Ni) molar ratios such
as 0, 0.1, 0.2, 0.3, 0.4 and 0.5 were prepared from a mixture of aqueous solutions of cobalt or
nickel nitrate (Co(NO3)2•6H2O or Ni(NO3)2•6H2O, 99 %) and ammonia heptamolybdate
((NH4)6Mo7O24•4H2O, 99 %). These compounds were dissolved in water at 80 °C with stirring,
producing a viscous mixture, then dried overnight at 100 °C. The resulting samples (1.5 g) were
placed on a porous quartz plate in a quartz reactor and heated in a 100 ml/min dry N2 (99.99 %)
steam, kept at 450 °C for 240 min, and then cooled to room temperature for characterization.
These are named as oxide samples. These samples were then purged for 10 min at 300 °C with a
15 ml/min nitrogen (99.99 %) stream, and then carburized in a 100 ml/min stream of 20 % CH4
(99.99 %)/H2 (99.99%) with a temperature program of heating from 300 °C to 700 °C at the rate
of 1 °C/min, then maintaining the temperature at 700 °C for 120 min. The system was then
switched back to nitrogen (99.99 %) and cooled quickly to room temperature. The obtained
carbide catalysts were passivated in a 0.5 % O2/N2 mixture for 600 min before use.
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3.1.3. Sol-gel Method “B”
(44) Appropriate ratios of Ni (NO3)2 6H2O or Co(No3)2 6H2O and ammonia heptamolybdate
(NH4)6Mo 7O24·4H2O was dissolved in an aqueous solution of citrate acid (CA) with molar ratio
CA/(Ni+Mo) =1. After homogenization of solution, ethylene glycol (EG), was added, ratio
CA/EG=1 to promote mixed citrate polymerization by polyesterification reaction. The beaker was
kept in water bath at a temperature 333K under constant stirring and a transparent gel was formed.
The gel was then dried at 413K in air, then carburized by a temperature-programmed reaction
under an argon or nitrogen flow from room temperature to 973K at a rate 1 K/min and maintained
at 973K for 5 hours. Then the sample was quenched to room temperature and gradually passivated
with 2.0% O2/N2 before exposing to air.

3.1.4. Hydrothermal method (HT)
Conditions of hydrothermal synthesis are achieved using closed system high
pressure/temperature reactors or “bomb reactors”, more specifically, a high-pressure batch reactor
Parr model 4540 (Fig. 9).

Figure 8: Hydrothermal Batch Reactor Autoclave Parr Model 4540.
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Precursor crystals were prepared using ammonium heptamolibdate, cobalt or nickel nitrate (or
acetate) and ammonium carbonate (AC) –(NH4)2CO3H2O in different ratio. A mixture of
ingredients was added to 25 ml of deionized water. Reactants were stirred for a few minutes
before the solution was transferred and sealed in a Teflon-lined steel autoclave and the
temperature was set at different values for 12-14 hours under autogenous pressure. The obtained
crystals were dried at 50 0C for 10 h.
To obtain carbide, the precursor crystals were placed into a tubular furnace (vertical or
horizontal) for gas-solid reaction in the atmosphere of CH4 or CO+H2. The temperature was
increased to 4000C with a ramping rate of 100C/min and maintained for 1 h, then increased to
8000C and maintained for 2 h, finally lowered down to room temperature.

3.1.5. Decomposition Method “E”
(45) Co(CH3COO)2x4H2O, (NH4)6Mo7O24x4H2O and HMT were dissolved with a mole ratio of
7:1:37 in 15%NH3xH2O solution under stirring. The molar ratio of the above compounds was
confirmed by trial and error with the fixed atomic ratio of Co/Mo=1. The magenta solution was
evaporated at room temperature to dryness to obtain the magenta slurry. The resulting material
was dried under vacuum at 353K for 6h and then crushed to get a fine powder.Co 3MoC was
synthesized by thermal decomposition as-prepared precursor in a stainless steel reactor under a
flow of argon (N2) (99.99%). In the treatment process the system was heated to 1023K at a rate
of 10K/min and held at this temperature for 2 h. After the heat treatment, the samples were cooled
to room temperature naturally under argon and passivated in a flow of 1% (v/v) O2/N2 for 2 h..
For synthesis of CO6Mo6C a mixed-salt precursor to bulk Co6Mo6C was prepared by dissolving
Co(NO3)2x6H2O solution under stirring, then evaporating to dryness.
For synthesis of CO6Mo6C a mixed-salt precursor to bulk Co6Mo6C was prepared by dissolving
Co(NO3)2x6H2O solution under stirring, then evaporating to dryness.
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3.1.6. Method “Decomposition-Fr”
(46) Precursor complexes were obtained by combining aqueous solutions of ammonium
heptamolybdate ((NH4)6Mo7O24 4H2O) with cobalt nitrate hexahydrate (Co(NO3)2 6H2O), nickel
nitrate hexahydrate (Ni(NO3)2 6H2O), or cobalt acetylacetonate hydrate (Co(C5H7O2)2 xH2O) and
HMTA (N4(CH2)6) under stirring. Complexes synthesized from cobalt nitrate or nickel nitrate
were prepared as follows. The solutions were kept under stirring for 24 h at room temperature
and then centrifuged at 4000 rounds/min during 10 min to separate the precipitates. The
precipitates were washed with distilled water and dried under nitrogen flow overnight at 373 K.
The CoMo complex synthesized using cobalt acetylacetonate precursor instead of nitrate
were also stirred for 24 h and the precipitates thus obtained were filtered under vacuum and
washed with water instead of being centrifuged. The samples were then dried under vacuum at
room temperature. Carbides were prepared by thermal decomposition of the precursors under
flowing nitrogen. Approximately, 1g of the precursor was placed in a quartz reaction tube. The
precursor heated in a gas flow from room temperature to 823, 923 or 1123K (heating rate 10
K/min). The temperature was held at the target temperature for 2 h, and then the material was
cooled quickly by removing the quartz tube from the furnace. After being cooled, the material
was passivated for 2 h in a flowing stream of nitrogen saturated with water. Passivation was
performed to prevent bulk oxidation of the materials.

3.1.7. Carbothermal synthesis. Method “C”
(36) The activated carbon was impregnated at room temperature with an aqueous solution of
ammonium heptamolibdate or its mixture with cobalt nitrate. After evaporating and drying in air
at 1200C overnight, the materials were transferred to a quartz reactor inside the tubular furnace
controlled by temperature programmer. The sample was calcined at 5000C for 2h in the argon
atmosphere. After the samples were quenched to room temperature, pure hydrogen was passed
through the sample at a flow rate of 200cm/m2. The temperature was increased at a linear rate of
10 C/min to the final temperature, which was held for 1.5h. The samples were quenched to room
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temperature under flowing argon at 100 cm3/min, then passivated for 3.0 h by a 1% O-N mixture
at 50cm3/min.

3.1.8. Synthesis of Potassium Doped Bimetallic Carbides (K-doped)
(47) The Mo and Co/Ni carbides were separately prepared by traditional method, through direct
carburization from their oxides. The carbides were mixed mechanically to obtain Co/Ni-Mo
carbide with the stoichiometric of molar ratio. The potassium was post-doped through physically
mixing K2CO2 with the final carbide at 500oC for 4h under argon atmosphere. In all cases K/Mo
molar ratio was 0.2

3.2. Experimental Results
#

Sample’s code

Me/Mo
(mol/mol)
Me=Co, Ni

Carburizing agent

Traditional Method (A)
CH4+H2

Temperature
Regiment for
carburization,
T 0 C, time , hours.

Phases of the
product, detected
by XRD

Ramp 30/min,
Final 6500, 1h

Co2Mo3O8,
MoO2,
Mo18O52
CoMoO4, Mo2C,
MoC,
C-graphite

1

A-1

Co/Mo= 0.5

2

A-1+

Co/Mo= 0.5

CH4+H2
Additionally carburized with
CH4

Ramp 20/min,
Final 7500, 3h

3

A-2

Co/Mo= 0.5

CH4

Ramp 10 0/min,
Final 6300, 3h.

Mo2C,
MoO2,
Co

Ramp 10 0/min,
Final 4500, 4 h.
Ramp 1 0/min,
Final 6300, 4 h.
Ramp 1 0/min,
Final 7500, 4 h

Mo2Camorphous
MoO2,amorphous
Mo 0.84Ni 0.16, Cgraphite,
Ni

Ramp 1 0/min,
Final 6000, 2h

MoO 2

Method AB
4

AB-1

Co/Mo= 0.5

CH4

5

AB-2

Co/Mo= 0.2

CH4

6

AB-3

Ni/Mo= 0.5

CH4

Sol-Gel Method (B)
7

B-1

Co/Mo= 1

N2
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8

B-2

Ni/Mo= 1

CH4

9

B-3

Co/Mo= 1

N2

10

B-3

Co/Mo= 1

CH4

Ramp 1 0/min,
Final 7000, 17 h
Ramp 1 0/min,
Final 7500, 10 h
Ramp 1 0/min,
Final 7500, 10 h

Ni0.98C0.02, MoO2
Co3Mo3 N
Mo2C
Co3Mo3C
Co2 C
CMo
C-carbon
nanotubes
Co

Hydrothermal method (HT) Me=Co
#

Code

Mo/Me/AC

Gas, flow ml/min

11

HT-1Co

1/1/1

CH4, 100 ml/min

12

HT-2Co

1/1/1.5

CH4, 50 ml/min

13

HT-3Co/1
acetate

1/1/2

1.N2, 100 ml/min

Two steps temperature
regiment, 0C, hours
1.Ramp 10 0/min,
4000-1h,
2.Ramp 10/min
8000, 1 h
1,2. Ramp 10 0/min,
6500, 2h.
1.Ramp 10 0/min,
4000-1h,
2. Ramp 10/min
8000,3h
1.Ramp 10 0/min,
4000-1h,
2. Ramp 10/min
8000,3h

2.CH4, 50 ml/min
14

HT-3Co/2

1/1/2

1.N2, 100 ml/min
2.CH4, 100 ml/min

Phases detected
by XRD
Mo2C,
CoMoO4

Mo2C,
CoMoO4
Mo2C,
CoMoO4,
C-graphite
Mo2C,
CoMoO4,
C-graphite

Me=Ni
15

HT-1/Ni
(acetate)

1/1/1

CH4, 100 ml/min

16

HT-2/Ni
(acetate)

1/1/1.5

CH4, 100 ml/min

17

HT-3Ni/1
(nitrate)

1/1/2

1.N2, 100 ml/min

1.Ramp 10 0/min,
4000-1h,
2. Ramp 10/min
8000,3h
1.Ramp 10 0/min,
4000-1h,
2. Ramp 10/min
7500,2h
1.Ramp 10 0/min,
4000-1.5h,
2. Ramp 10/min
6000,2h
1.4000-1.5h,
2. Ramp 10/min
8000,2h

2.CH4, 100 ml/min
18

HT-3Ni/2
(nitrate)

1/1/2

1.N2, 100 ml/min
2.CH4, 100 ml/min

19

HT-3Ni/3
(nitrate)

1/1/2

1.Ramp 10 0/min,
4000-1h,
2. Ramp 10/min
8000,3.5h

CH4, 100 ml/min
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Mo2C,
Mo0.09 Ni0.91,
Ni0.98C0.02
C-graphite
MoO2,
Mo0.09Ni0.91,
Ni0.98C0.02
MoO2
Mo0.09 Ni0.91
Ni0.98 C 0.02
Mo2C,
Mo0.09 Ni0.91,
Ni0.98C0.02
C-graphite
Mo2C,
Mo0.09 Ni0.91,
Ni0.98C0.02
C-graphite

Decomposition Method (E)
Me=Co
#

Code

Co/Mo/HMT

Addition

Type of reactor

Phases detected by XRD

20

E-1

7/1/7

Horizontal

Horizontal

Co3Mo3C ,
Mo2 O,
Co3Mo3N
Mo2C

21

E-2

7/1/37

CO

22

E-3

7/1/3

CO

Horizontal

Mo2C

23

E-5

14/1/7

CH4

Horizontal

Mo2C,
Co3Mo3C

24

E-6

7/1/7

CH4

Horizontal

Mo2C,
Co3Mo3C

25

E-7

7/1/7

CH4

Vertical

Mo2C,
Co3Mo3C

Me=Ni
26

E-4
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Chapter 4: Characterization
Complete characterization of the refractory carbides considered to be difficult. (3) Since many of
the important mechanical and catalytic properties are sensitive to a number of factors which tend
to vary widely among samples, there is a variation in literature reports regarding measurement of
these properties. These factors include:
(1) the crystal structure and lattice parameters, including the presence of vacancy ordering;
(2) the chemical composition, including not only the overall carbon-to-metal ratio present in the
bulk sample, but the amount of free carbon versus combined (lattice) carbon;
(3) the impurity concentration, particularly that of oxygen;
(4) the overall defect structure, including grain size, dislocations, and porosity; and
(5) the sample homogeneity.

4.1. X-Ray Diffraction (XRD)
XRD was utilized for phase identification of the solids. The peak positions are consistent
with crystalline phases listed and indicate that the materials were phase-pure. Diffraction patterns
for the used catalysts were nearly identical to those for the fresh catalysts.
Powder diffraction patterns for the TMC catalysts were obtained with a Bruker D8
Discover. Scans were conducted with a step size of 0.02° in 2θ and a different scan rate of 1.0°/min
2.0°/min or 5.0°/min.
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Figure 9: XRD pattern of the CoMo oxide sample synthesized by “traditional method”.

On the fig.8 presented an XRD pattern for precursor, synthesized by “traditional method” A –
cobalt molybdenum oxide with a phase CoMoO4.
On the fig.10 we can see cobalt molybdenum carbide synthesized by carburizing CoMo Oxide
(CoMoO4), Co/Mo2C crystalline phase.
That sample was tested as CoMoC2 in Fisher- Tropsch synthesis.(Chapter 5, 5.1.2)

Figure 10: XRD of CoMoC2 -Co/Mo2C crystalline phase
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NiMoC2 sample for Fisher-Tropsch synthesis was prepared by “traditional method”, at first
obtaining a precursor- Ni Mo oxide (fig.11) with a phase NiMoO4 and then carburizing it.
The synthesized Co-Mo & Ni-Mo solids at the oxide step were characterized using XRD.
-The Co-Mo oxide with Mo/Co molar ratio of 1 shows a pure phase of CoMoO4.
-The Co-Mo oxide with Mo/Co molar ratio of 2 shows a mixture of CoMoO4 and MoO3 phases,
which could be because of excess of Mo precursor in the reaction solution.
-The diffractogramme of Ni-Mo oxide solid with Mo/Ni molar ratio of 1, presents the intense peaks
that can be attributed to NiMoO4 phase or Ni(MoO4)or the mixture of both. All these oxides were
used for carburizing processes using methane to form the carbides.
The XRD pattern of NiMoC2 sample, with a crystalline phase Ni/Mo2Cpresented in fig.12.

Figure 11: XRD of NiMo oxide, phase NiMoO4.
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Figure 12: XRD of NiMoC2- phase Ni/MoC2

Another way to obtain CoMoC1- Co/Mo2C phase- via carbothermal synthesis, (Chapter 3.1.7.)fig.13.

Figure 13: CoMoC1 prepared by carbothermal method, phase Co/Mo2C
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No peak identification of potassium compounds were found in the X-ray patterns of doped
carbides using the software called “Find It” or the Eva software provided on the XRD analytical
equipment, various literature references and an online data base MatNavi NIMS Materials
Database. Possible reasons may be due to the high dispersion capability of hydrothermal synthesis
preventing isolated peaks of the alkali promoter to form on the XRD diffraction pattern.
It was one of the main goals in this study to obtain pure phases. Therefore, it was important to get
stoichiometric (Ni)Co/Mo ratios in the precursors. It was observed by S. Chouzier at el. (48) that
at sufficiently large HMTA excess, both elements are quantitatively bound within the precipitate.
Therefore, the composition of the precipitate corresponds well to that of the reaction mixture.
1:1 Co:Mo or 2:3 Ni:Mo ratios in the complexes were obtained with good precision of the elements
stoichiometry.
Crystalline phase of Ni/Mo2C was synthesized by Decomposition-Fr method.Fig.14.

Figure 14: XRD pattern of Ni/Mo2C

Mixing of the ammonium heptamolybdate, cobalt or nickel salt and HMTA solutions leads to
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the immediate precipitation of pink-purple (cobalt) or light-green (nickel) powders of the
complexes. These solids (precursors) are all sparsely soluble in water and contain submicrometric
size crystallites of variable shape. The quality of the XRD patterns did not allow indexing of the
elementary cells of these complexes. However, it can be inferred from the XRD that the solids do
not contain any (known) monometalllic Co(Ni) and Mo complexes with HMTA, neither any other
known compounds of these elements.
The solids obtained represent therefore new compounds containing mixed complexes of VIII
and VI group metals with HMTA.

4.2. Microscopy
4.2.1. HR-TEM Cryo-Electron Microscopy
The microscopy was performed by Dr.Bernal (UTEP) on the Cryo-Electron Microscope.Fig.30

Figure 15: UTEP Cryo-Electron Microscope, JEOL JEM 3200FS

Interplanar spacing 2.4Å (+/-) 1Å.The crystalline structure and layers are clearly visible.
CoMoC1, fig.16, was tested fresh and spent, after Fisher-Tropsch synthesis. There is no change in
morphology observed. That allow the conclusion that the catalyst is stable at the drastic
conditions of FTS and keeps its crystalline structure.
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Crystalline layers are also visible on fig.17-Co3Mo3C phase, synthesized by Decomposition
Method.

Figure16: HR-TEM image of Co3Mo3C. Fresh (left) vs. spent (right)

Figure 17: Co3Mo3C synthesized by “Decomposition” method

54

4.2.2. Transmission Electron Microscopy
Transmission Electron Microscopy (model Zeiss EM10)/
TEM samples were prepared diluting a minimal amount of sample in isopropanol and sonicating
for 30 minutes. A drop of the solution was placed on slot copper grid supported on
formvar/carbon.
TEM analysis depicts how hexagonal slabs of MoS2 agglomerate together to form arbitrary
shapes (Fig.18), this feature was also observed by Baksh. (49)

Figure 18: Cobalt molybdenum carbide- product of carburization, Decomposition Method, E-7

On fig.18 (with Co precursor) and fig.19 (Ni precursor) after decomposition synthesis the
structures reminding nanotubes are visible.
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Figure 19: E-7 Ni after carburization

Figure 20: Mo2C
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Figure 21: Mo2C+K

On the fig.20 and 21 the layers of carbide are visible.
On fig.22 pores on the surface are visible and measured, which proves high- poroseous structure
of the catalysts.
On fig.23 the nanotubes, obtained after carbothermal synthesis been observed and measured.

Figure 22: Mo2C+K
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Figure 23: Cobalt molybdenum carbide after hydrothermal synthesis. HT-3 Co1

4.2.3. Scanning Electron Microscopy
Scanning electron microscopy was taken using Hitachi SEM analytical instrument.
Each catalyst was prepared on a carbon tape and placed on specified sample holder for analysis.
Two features were observed using TEM. They are depicted and described below.
A feature that was observed is stacking on the surface as well as on its side angle of the
layers of Me-Mo-C. This has been observed as the “rag” structure consisting of several stacked
and highly disordered Me-Mo-C layers. Molybdenum carbide promoted with cobalt presented on
fig.24 and with nickel-on fig.25.
SEM images of the precursor CoMo1 showed rod-like particles. After decomposition the
large scale morphology of the particles remained unchanged. Fresh and spent catalysts show high
porosity and not a big changes in morphology after the tests. Fig 26 and fig.27.
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Figure 24: Cobalt molybdenum carbide by hydrothermal synthesis HT

Figure 25: Ni Mo carbide synthesized by HT method
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Figure 26: Co3Mo3C via decomposition. Fresh.

Figure 27: Co3Mo3C via decomposition. Spent.
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Figure 28: K/Co/Mo2C. Fresh

On fig.28 the nano-flower structure of K/Co/Mo2C carbide is visible. Fresh vs. spent catalysts on
fig. 28 and fig.29 –K/Co/Mo2C doesn’t show changes in morphology. Fig.30 and fig.31
attributes to fresh vs. spent-Co/Mo2C catalyst.

61

Figure 29: K/Co/Mo2C. Spent

Figure 30: Co/Mo2C fresh
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Figure 31: Co/Mo2C spent
The second feature observed was MoS2-nano flower like morphology. The surface of the nanoflower like structure can be seen in the SEM image in Figure 32 below. Similar structural
characteristics are shown in the TEM image in Figure 28. These nano-flower like structures were
also observed by Qingfeng et. al. (50)
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Figure 32: Mo2C fresh, nano-flower structure

4.3. Surface Area
Surface areas for the carbides were substantially higher than those for their parent oxides
(7 m2/g) and ranged up to 81 m2/g. For most of the materials, the particle sizes estimated from the
surface areas were similar to the crystallite sizes estimated via XRD line broadening analysis.
This suggested that, with the exception of the Mo2N, VN and VC catalysts, the particles were
single crystalline. (4) Pore size distributions for several of the nitrides and carbides are illustrated
in Figs. 4 and 5, respectively.
Table 5: Carbon Content and Surface Area of the Cobalt and Molybdenum Carbides

Sample
Co0.2 Mo0.8 Cx
Co0.33 Mo0.6 Cx
Co0.4 Mo0.6 Cx
Co0.5 Mo 0.5 Cx

Carbon content (wt%)
3.59
2.73
2.56
2.73
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Surface (m2/g)
23.7
27.2
39.6
15.5

The presence of micropores distinguished the Group V and VI metal carbides. All of the
Group VI metal carbides possessed some degree of microporosity (d pore<2 nm) while the Group
V compounds did not contain micropores. The highest density of pores for both the Group V and
VI metal nitrides and carbides was typically in the mesopore range (2±50 nm). Pore size
distributions for W2N, WC1ÿx and WC were bi- or tri-modal. There were no other apparent
correlations between the surface areas or pore size distributions and the type of carbide. (4)
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Chapter 5: Tests of Catalytic Performance
5.1. The Tests of Catalytic Activity in Fisher-Tropsch Synthesis.
The synthesis of alcohols under FT conditions is an economically attractive process,
because alcohols can also be used as fuels, fuel additives for octane enhancement, and as
intermediates for high-value chemicals. Alcohols in industry are obtained as by-products in FT
synthesis, although the amount is small. Our group views FT synthesis in a different dimension
from its present underutilized state. FT can be a low cost process for direct synthesis of higher
alcohol by modifying the actual commercial catalysts underuse.
Direct synthesis of higher alcohols is regarded as an economically viable alternative to
clean fuels production in various gas-to-liquid (GTL) fuels processes. These higher alcohols can
be used as a low cost and high availability gasoline additives to improve octane number. (51)

5.1.1. Gas to Liquid Technology
A lab scale gas to liquid system was developed to evaluate its efficiency in testing catalysts
for their production of alcohols. Collaborators at Lamar University in Beaumont, Texas designed
the GTL system for continuous flow of reactants and products to mimic the type of reactor found
in industry; it simulates coal conversion to synthetic liquid fuels.
This system uses a 1/4” 316 stainless steel tubing for the tubular reactor. It is flow
controlled and backpressure regulated. The backpressure regulator allows one to change input and
output flow rates (0.1-100L/min) while maintaining system pressure 1-500 psi. The reactor was
heated using a tube furnace (Fig. 33). Temperature range for the furnace was 25-700°C. However,
our reactions were conducted at 300°C.
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Figure 33: Gas to Liquid Schematic

Catalyst packing can be from 0.25 to 100 grams but was kept at 0.25g for this work. The
reactions were run for duration of 8 hours. Reaction conditions were pressure of 450 psi,
temperature of 300°C, and H2/CO ratio was 0.8/1.
This laboratory packed bed reactor is coupled to a gas chromatograph that uses a FID (flame
ionization detector) for analysis of alcohol products (Fig. 34). An additional GC-TCD (thermal
conductivity detector) is used for analysis of CO and H2. Included in the reactor setup are
temperature-programmed controls, pressure control devices (including back pressure regulator)
and hand-operated needle valves for fine control of reactant gases and liquids. This type of
reactor/analytical device will yield kinetics (changing of the gas hourly space velocities (GHSVs))
and catalyst robustness (time on stream analysis).
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Figure 34: Actual representation of gas to liquid system assembled at Lamar University under
Dr. Tracy Benson

Chromatography was achieved via two independent columns. The GC-TCD uses a
carboxen- 1010 PLOT column for fixed gas analysis (i.e. CO and H2). The FID uses an Rxi – 1
ms (Restek, Inc.) column used for analysis of product compounds (i.e. C1-C5 hydrocarbons and
C1-C8 alcohols).
The ability for a catalyst to participate in the Fischer Tropsch Synthesis and yield desired
products depends on many factors. Among these factors are time, temperature, H2/CO ratio,
pressure, synthesis and to a deeper extent reactor design. The following section will discuss the
FT products attained with the aforementioned gas-to-liquid technology. Selectivity, stability and
activity of each tested TMC catalyst was assessed. (51)

5.1.2. Cobalt- Promoted Molybdenum Carbides Performance in FTS
Each catalyst was ran in the GTL technology provided by Lamar University. Several
experiments were initially conducted using the Co0.5MoS2-catalyst to design an optimal set of
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reaction conditions. The optimal reaction conditions that were observed are H2/CO ratio 0.8/1.0,
reaction pressure of 450 psi, and temperature of 300°C and samples were collected for a period of
eight hours on the hour.
CoMoC1(Phase Co3Mo3C)
The output in C1-C3 is at 45 to 82.25% before 5 hours while in the 6th to 9th hours is stabilized
in the range 84-95%. The catalyst is not selective in either of the other elements C4-C8. The total
9-hour output is illustrated in the pie graph. Methanol, ethanol and propanol are the three main
outputs, although as noted there is no significant activity in these after the 6th hour.(Fig.10)
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Figure 35: Catalyst CoMoC1 weight % of alcohols produced during FTS vs. reaction time

The highest weight % value produced from CoMoC was for the methanol.(Fig.36) It is important
to note that it is more favorable for a catalyst to be selective in the formation of 1 or 2 alcohols as
opposed to three or more. At the industrial level, a high product range makes separation more
difficult and costly. Another important trend to notice is the oscillation of the C5 alcohols. They
appear every other hour; this transient behavior has not been reported for catalyst like this series,
though it has been reported for FT synthesis. Based on literature for oscillatory behavior in FT69

systems, this behavior can be due to: complex kinetics associated with changes in the active
species, non-isothermal behavior, WGS reaction producing water, phase separation or onset of
supercritical fluid phase, or adsorption on active sites.
CoMoC1
Methanol
Ethanol
1-Propanol
2-Propanol
1- Butanol
2-Butanol
1-Pentanol
2-Pentanol
3-Pentanol
1-Hexanol
1-Octanol

Figure 36: The total concentration of individual alcohols detected for an eight hour duration over
CoMoC-catalyst.

CoMoC2 (Phase Co/Mo2C)
Catalyst CoMoC2 is the catalyst that produced the least diversity of alcohol groups; it is
selective for C5 and C6-C8 alcohols. As previously mentioned, it is favorable for a catalyst to
produce a specific group of alcohols as opposed to a diverse amount. Starting at the 6th hour the
output in C5-C8 is stabilized at 100%, while the other elements are not detected. Methanol is under
40% in runs 1 and 2.The predominant alcohols for the CoMoC2 catalyst were observed to be the
C5 group.(Fig.37) During the 1st through 4th hour C5 alcohols are predominant. However, during
the 6th hour the only products detected were the C6-C8 alcohols, possible indication of catalytic
stability or a shift in selectivity from C5 to C6-C8 alcohols. C1-C3 alcohols have some presence
during the 1st through 2nd hour.

70

CoMoC2
120
100.00

100.00

100.00

100
84.24

C1-C3

85.77

Weight %

80
C4
59.52

60

40

20

C5

37.2339.95
19.01
15.73
11.6011.22
5.75

C6-C8
14.23

6.63 9.12
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00 0.00 0.00
0.00 0.00

0
Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Run 7

Reaction time (hours)

Figure 37: Catalyst CoMoC2 weight % of alcohols produced during FTS vs. reaction time.

The chart above shows the individual alcohol concentrations detected over an eight-hour reaction
time. The CoMoC2-catalyst gave the highest concentration values for C5 amongst the tested
catalytic series. Although C5 alcohols are present the majority of the 8-hour period, and the only
product starting from 6th hour. From this observation it can be speculated that catalyst CoMoC2 is
highly selective and active for 1-hexanol and pentanol, depending on the time of reaction. Weight
percent of the C6-C8 alcohol group also indicate that CoMoC2 is stable for the production of 1hexanol.(Fig.38)
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Figure 38: The total concentration of individual alcohols detected for an 8 hour duration over CoMoC2catalyst

The highest concentrations produced for the CoMoC2 catalyst were from the C5 alcohol group.
The C5 group corresponds to 3-pentanol, 2-pentanol and 1-pentanol. Although the C6-C8 alcohol
group had the highest weight percent and had selectivity during the eight hour duration, the graph
above indicates that the concentration for the C5 alcohols were greater. The C6-C8 alcohols were
very selective at the 5th hour. This is a possible indication that the CoMoC2-catalyst is very
selective for C5 alcohol group.

5.1.3. Nickel- Promoted Molybdenum Carbides
NiMoC1 (Phase Ni3Mo3C)
Catalyst NiMoC1, is the most selective of the four catalyst evaluated. It produced the least
amount of alcohol diversity and the greatest concentrations for C4 alcohols (Fig. 39) .C6-C8 show
no significant output.
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Figure 39: Catalyst NiMoC1 weight % of alcohols produced during FTS vs. reaction time

Although C1-C-3 alcohols are present the majority of the 8-hour period, 3-pentanol had nearly
the lower concentration indicating that NiMoC1 is more selective for 1-butanol C4 type alcohols.

NiMoC1
Methanol
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1-Propanol
2-Propanol
1- Butanol
2-Butanol
1-Pentanol
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3-Pentanol
1-Hexanol
1-Octanol

Figure 40: The total concentration of individual alcohols detected for an 8 hour duration over
NiMoC-catalyst.

From this observation it can be speculated that catalyst is highly selective and active for 1-butanol.
Weight percent of the C4 alcohol group also indicate that NiMoC1 is stable for the production of
1-butanol.(Fig.40)
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NiMoC2 (Phase Ni/Mo2C)
Ni MoC2 produced a mix of alcohols, with predominating C5 group, especially on the 6th
hour of test. (Fig.41) The C5 group corresponds to 3-pentanol, 2-pentanol and 1-pentanol.
Although the C1-C3 alcohol group had the high weight percent at the eight hour duration, the
graph below indicates that the concentration for the C5 alcohols were greater. The C6-C8 alcohols
were very selective at the 8th hour. This is a possible indication that the NiMoC2-catalyst is
selective for C5 alcohol group.
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Figure 41: Catalyst NiMoC2 weight % of alcohols produced during FTS vs. reaction time.

The pie graph below shows that concentration of C5 alcohols predominates. (fig.42)
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Figure 42: The total concentration of individual alcohols detected for an 8 hour duration over
NiMo2C-catalyst.

The testing results show that the bimetal molybdenum carbides have better selectivity when the
promoter is Cobalt. CoMoC1 has high selectivity for C1-C-3 alcohols and CoMoC2 C4 and C5
alcohols. That selectivity can be control clearly by the time of reaction.

5.2. Comparison of the Catalytic Performance
To evaluate the performance of mentioned above catalysts, the additional tests were run.
The following catalysts were tested in the Lamar University, at the same reaction conditions as the
previous carbides:
-MoC- as a standard commercial catalysts:
-KMoC- molybdenum carbide promoted with alkali (K):
-CsCoMoC- an alkali (Cs) promoted sulfide, the most active one in the series, tested in FTS,
synthesized by UTEP graduate master candidate at that time Belinda Molina.
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The results presented in chart, fig.43 as concentration of different alcohols produced during FTS
for 7 tested catalysts.
Mo2C and K/Mo2C had pretty good activity, but addition of K over Mo2C did not improve it much.
All these carbides have been run at 450 psi, NiMoC2 has been repeated at the same condition to
confirm its high activity.
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Figure 43: Concentration of alcohols produced during FTS vs. reaction time for different catalysts

5.3. Hydrogenation Test
The test of catalytic activity for cobalt molybdenum carbide, prepared by Decomposition
Method, was performed in Chihuahua University, Mexico.
The model reaction is hydrogenation of cyclohexene.
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In the same conditions were tested other catalysts- nitrides CoMoN and NiMoN, sulfides NiMnS2
and NiMoS2 and a mix of nitrides and carbides NiMoN/C. (Table 28, fig.25)
In that reaction CoMoC wasn’t as active as sulfides (21.38% v. 95%), but more active than nitrides.
We can assume that shouldn’t expect high performance in hydrogenation reactions from TMC, but
it’s not enough testing results for that conclusion. It requires more tests and study.

Table 6: Conversion of cyclohexene over different catalysts

Name
CAT215
CAT322
CAT347
CoMoDeCOM
NiMnS2
NiMoS2

k E-8
mol /g s
20.7
14.0
29.6
20.0
180.7
181

Formula
CoMoN
NiMoN
NiMoN/C
CoMoC
NiMnS2
NiMoS2

Conversion
%
15.41
16.14
25.8
21.38
95
95

Fig.44 shows that data in the chart.
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Figure 44: Conversion of cyclohexene
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NiMnS2

NiMoS2

Chapter 6: Results and Discussion
Decomposition of complexes obtained from cobalt nitrate and nickel nitrate (CoMo3,
CoMo4, CoMo5 and NiMo3 ), as well as from cobalt acetylacetonate gave rise to the formation of
bimetallic carbides Co3Mo3C and Ni2Mo3C, monometallic carbide Mo2C and metallic cobalt or
nickel with low surface areas instead of the nitrides. The nature of the phases prepared depends on
2 parameters: the temperature of the thermal decomposition and the ligand loading in the starting
material. Thus, the decomposition of CoMo3 at 923 K gave rise to the formation of a mixture of
Co3Mo3C, Mo2C and Co. The same precursor yielded pure Co3Mo3C when heated to 1073 K. From
the XRD study it follows that metallic cobalt reacts with monometallic carbide Mo2C to form the
bimetallic carbide Co3Mo3C.
When comparing the decomposition of complexes with the same ratio Co/Mo (Co/Mo ¼
1), it appears that the nature of the phases obtained at a specified temperature depends also on the
ligand content in the precursor. Thus, the decomposition of CoMo3 (Co/Mo ¼ 1, C/(Co+Mo) ¼
3.24) at 923 K yielded 3 phases: Co, Mo2C, Co3Mo3C, whereas CoMo4 (Co/Mo ¼ 1, C/(Co+Mo)
¼ 5) gave rise to the synthesis of Co and Mo2C at the same temperature. At 1073 K, CoMo3 led to
the formation of Co3Mo3C as a single phase whereas CoMo4 decomposed to the mixture of Co,
Mo2C and Co3Mo3C. As follows from the XRD study, the mechanism of formation of bimetallic
carbides seems to be stepwise. First, at relatively lower temperatures, an intimate mixture of poorly
dispersed molybdenum carbide and the corresponding VIII group metal is obtained. Then, when
the temperature is further raised, the solid-solid reaction occurs between them, producing
bimetallic carbide. The temperature at which Co reacts with Mo2C increases as the HMTA content
increases, because more abundant carbonaceous matter prevents the interaction of particles.
Therefore, for the precursors with lower HMTA content we observed formation of bimetallic
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carbide single phase at relatively lower temperatures.
The particles formed by decomposition of the precursor can also catalyse the decomposition of
HMTA by mechanism of catalytic cracking. As a result of all these effects, high loading of cobalt
nitrate leads to the release of the most part of nitrogen contained in the precursor already at low
temperatures. Residual carbon then reacts to produce carbides. (48)
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Chapter.7 Conclusions and Future Work
30 years ago in a book by Satterfield, Heterogeneous Catalysis in Practice, he describes
the world of heterogeneous catalysis, “ it’s a vast and confusing field, replete with an enormous
quantity of perhaps significant but empirical facts, interspersed with perhaps useful theories.”
(52) Nearly a century after catalytic research was first recorded, heterogeneous catalysis is still a
field of extensive research, interest and theories. Conclusions from this research contribute to the
understanding of transition metal carbide catalysts and summarized below.
TMC catalysts can be synthesized by different methods, which lead to different phase of
the final product and its properties. The optimization of synthesis methods and its conditions
gave us a fine instrument to get a desirable phase of catalyst. The methods were adjusted for
possible commercial use, with replacing expensive reagents with commercially available and
inexpensive, minimizing steps of synthesis and conditions.
From the results described above, it follows that bimetallic carbides can be obtained from the
thermal decomposition of bimetallic complexes with HMTA. During the decomposition,
reduction of the molybdenum and cobalt (nickel) species occurs with the decomposing HMTA
moieties. The last compound contains both nitrogen and carbon. Which one of these elements
remains in the solid at high temperatures, depends on the conditions and on the precursor
composition. The mechanism of decomposition very probably influences the nature of the phases
obtained.
CoMo4, CoMo5 and NiMo3 as well as from cobalt acetylacetonate (CoMo7, )gave rise to the
formation of bimetallic carbides Co3Mo3C and Ni2Mo3C, monometallic carbide Mo2C and metallic
cobalt or nickel with low surface areas instead of the nitrides previously observed. The nature of
the phases prepared depends on 2 parameters: the temperature of the thermal decomposition and
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the ligand loading in the starting material.
Overall, two key parameters govern the decomposition of CoMo complexes: the ligand loading,
and the nature of precursor. An increase of the ligand loading favors the formation of carbide. As
with the cobalt precursor, cobalt nitrate is less suitable than cobalt acetylacetonate due to its
oxidizing properties. To obtain pure and high surface area nitrides, acetylacetonate compexes with
moderate amount of HMTA should be utilized. As with carbides, both nitrate and acetylacetonate
can be used, with high amount of HMTA included.
XRD patterns show that by applying different methods of synthesis and conditions we can get
different phases of molybdenum carbides in the solids.
The triple crystalline phase of molybdenum carbide can be obtained through triple phase oxides
by carburization or directly from the precursors by decomposition method. That phase dispersed
in the material. The “traditional” method, after optimizing condition, can produce segregated
cobalt or nickel with molybdenum carbides. Co/Mo2C, Ni/Mo2C.
The addition of the alkali to the precursor also leads to segregated cobalt/nickel thus the K-doped
catalysts contain Mo2C .Alkali peak phases were not detected by XRD, due to the high dispersion
capability of hydrothermal synthesis preventing isolated peaks of the alkali promoter to form on
the XRD diffraction pattern.
The catalysts were under Cryo, SEM and TEM microscopy studies, which confirmed their
crystalline structure and morphology. Witnessed by SEM imaging morphology didn’t change after
FTS, it stayed rod shaped random orientated morphology providing high surface area and porosity.
SEM and TEM electron spectroscopy confirmed two morphological features present on the
catalytic surface; the “rag” structure consisting of several stacked and highly disordered Co-MoC layers and Mo2C-nanoflower like material. SEM images of fresh versus spent catalyst provided
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evidence that there is no change in surface morphology of the catalysts once they were exposed to
syngas. The materials tested have high porosity surface, before and after FTS.
The optimal reaction conditions for FTS that were observed are H2/CO ratio 0.8/1.0,
reaction pressure of 450 psi, and temperature of 300°C. Samples were collected for a period of
eight hours on the hour. Fischer -Tropsch reaction testing was carried out through the gas to
liquid technology previously described.
General conclusions of the weight percent of alcohols versus reaction time for the
catalytic series are as follows:
1. Highest weight percent belonged to the C6-C8 alcohol group.
2. CoMoC1 -Phase Co3Mo3C weight percent of alcohols versus reaction time gave the
highest selectivity for methanol.
3. CoMoC2 –Phase Co/MoC2 demonstrated very high selectivity, depending on the time of
reaction, for 1-Hexanol (on the 5th hour of reaction) and high and stable selectivity for C5
groups of alcohols, coming to 100% after 6th hour of FTS.
4. NiMoC1 –Phase Ni3Mo3C showed high activity in conversion syngas to C4 groups of
alcohol, but selectivity wasn’t that high, even C4 products prevailed during all reaction
time.
5. NiMoC2-Phase Ni/Mo2C was the most active for alcohol formation, which can be related
to the electron transfer between Ni and Mo2C. XRD diffractogramme shows the presence
of Ni and Mo2C crystals in the structure of this sample. Promotional effect of Ni over Mo2C
has been reported for some reactions, but there is no report on alcohol production using
Fisher-Tropsch synthesis.
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7.1 Future work
Further investigations of this research include preparation of carbide –nitride
mixes, triple-phased oxides and testing them for the production of alcohols and
characterization of the spent material using BET, XRD, SEM and TEM.
Results for the catalysts tested in France for methane reforming and methanol
reforming should be evaluated and discussed, as well as testing the precursors -CoMoO4,
NiMoO4 for volatile organic compound oxidation and NOx reduction. Test results for HDS
and HDN reaction expected from Mexico and Palestine.
More research should be done in the area of photocatalysis and electrochemistry,
because TMC have big potential in those applications due to its unique electronic
properties.
The synthesis of the carbide catalysts demonstrated high activity and selectivity in
FTS should be optimized for potential commercial use.
With the collaborators from Lamar University, we should determine what
optimization parameters are required for the improvement of the assembled gas to liquid
technology, perform kinetic evaluation for this catalytic series. Kinetic studies, in addition
to yielding basic information needed for rational design of reactor systems.
Future work will include characterizing of the electronic structure of the catalysts
described above do determine the basis for the observed activities and to improve the
selectivity.
Modeling and simulation work on Cerius2 software should be continued in order to create
and optimize model of TMC catalysts.
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